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“Desafortunadamente la naturaleza parece inconsciente de nuestra necesidad 
intelectual de conveniencia y unidad, y muy frecuentemente se deleita con la 
complicación y la diversidad.” – Santiago Ramón y Cajal 
“Unfortunately, nature seems unaware of our intellectual need for convenience 
and unity, and very often takes delight in complication and diversity.” – Santiago 
Ramón y Cajal  
“Que siguin moltes les matinades que entraràs en un port que els teus ulls 
ignoraven, i vagis a ciutats per aprendre dels que saben.”– Lluís Llach, Itaca.  
“Let them be many the mornings that you will enter a port that your eyes ignored, 
and go to cities to learn from those who know.”  – Lluís Llach, Itaca. 
ABSTRACT 
The mammalian cerebral cortex is one of the most complex cellular machineries 
developed by nature, containing a wide diversity of neuronal cell types that 
present unique structural and functional features. These diverse cell types are, 
moreover, heterogeneously distributed across different regions of the cortical 
territory, assembling region-specific cellular architectures.  Despite decades of 
study, the developmental mechanisms that originate this diversity are not 
completely understood. In this thesis, I have studied the mechanisms underlying 
the origin of the diverse types of excitatory pyramidal cells and inhibitory 
interneurons that populate the murine cortex.  
Our results indicate that cortical progenitor cells exhibit heterogeneous 
neurogenic behaviours, generating progenies composed by a wide range of sizes 
and fates. These results are compatible with a stochastic model of cortical 
neurogenesis, in which cortical progenitor cells, despite sharing common 
molecular programmes, undergo a series of probabilistic decisions that lead to 
the specification of very heterogeneous progenies. Such mechanism would allow 
the flexible tuning of the neuronal output of cortical progenitor cells, supporting 
the generation of diverse region-specific cytoarchitectures without the 
requirement of region-specific intrinsic programmes.  
We also investigated the mode of division of progenitor cells in the 
embryonic subpallium. Our observations suggest the existence of expansive 
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intermediate progenitor cells in the medial ganglionic eminence, which divide 
several times to produce small groups of post-mitotic neurons.  
Finally, we designed and tested a novel high-resolution lineage tracing 
method that will allow us to map interneuron origins from development to adult 
life. Used in appropriate experimental conditions, this method will represent a 
powerful tool for the identification of interneurons derived from individual 
progenitor cells. This tool will open the opportunity for an in-depth description 
of the neuronal outputs of subpallial progenitor cells at single cell resolution.  
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KEY DEFINITIONS
Cell type: Basic unit of cell identity. Consists in a group of cells that share 
morphological, physiological, anatomical and/or neurochemical features that 
make them unequivocally distinguishable form others.  
Cell class: Higher category in the hierarchical classification of cell identities, 
which encloses a number of cell types based in their phenotypic similarity.  
Lineage: The entire set of post-mitotic cells derived from a single progenitor cell 
Sub-lineage: The set of cells originated from one of the two daughter cells 
resulting from a cell division. In MADM clones, sub-linage reflects to the group 
of cells expressing each reporter in G2-X lineages, and all yellow cells in G2-Z 
lineages.  
Cell fate: The set of phenotypic features that define the identity of a cell. In 
progenitor cells, fate refers to their commitment to generate specific cell outputs.  
Reprogramming: Induced change in the molecular program of a progenitor cell 






1. Neuronal diversity and brain function
Following the proposition of the cell theory by Schwann and Schleiden in 1839, 
a prolific generation of scientists (including Purkinje, Valentin, Remark and 
others) focused their research efforts in the study of the cells that compose the 
nervous system. These efforts lead to the proposition of the neuron doctrine, 
supported by the decisive work of Santiago Ramón y Cajal and Heinrich 
Wilhelm Gottfried Waldeyer, among others, in the last decades of the 19th 
Century. The word “neuron” was then coined by Waldeyer as a way to identify 
nerve cells. Since then, scientists have been fascinated by the wide diversity of 
neuronal morphologies that exists in the central nervous system (CNS) of animal 
species. The brain is, indeed, one of the best examples of biological diversity in 
nature, containing a large number of cell types that integrate into complex brain 
networks and play specific roles in neural computation. Our understanding of 
adult brain function is therefore as good as our knowledge of the neuronal 
diversity that populates it, and this will likely remain the case during the next 
decades. In mammals, such diversity of cell types has its origin in the embryonic 
and early postnatal life of the animal. During this period, diverse cellular and 
molecular mechanisms are responsible for the generation of the adult diversity of 
neuronal types. Despite decades of study, our current understanding of these 
mechanisms remains incomplete. Remarkably, malfunction of the developmental 
mechanisms underlying the origin of this neuronal diversity have been linked to 
a large number of human disorders, highlighting the importance of such 
processes for the correct function of the adult brain. Consequently, the study of 
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the cellular diversity that constitutes the mammalian brain, as well as the 
mechanisms underlying its appearance, is of outstanding importance in modern 
neuroscience. Research efforts in this direction will largely contribute to our 
future knowledge of brain function and dysfunction, having, in addition, 
potential applications in the diagnosis and treatment of neurological and 
psychiatric disorders.  
Deciphering the cellular and molecular rules that underlie the generation of 
cell diversity is a challenge in developmental neurobiology. Here, I will describe 
our current knowledge of these mechanisms, using the biological systems in 
which these processes have been more extensively studied as an example. I will 
also discuss how the combined action of diverse mechanisms coordinates the 
assembly of our central system of study: the murine cerebral cortex.   
2. General mechanisms for the generation of 
neuronal diversity 
2.1 Patterning and cell specification
The many different neuronal types of the nervous system originate from 
mitotically active cells named neural progenitors. These progenitor cells are 
therefore responsible for the generation of neuronal diversity, which is 
accomplished by two main mechanisms known as spatial patterning and 
temporal patterning. Spatial patterning uses positional information within the 
developing tissue to establish the identity of the nascent neurons. In contrast, 
temporal patterning refers to the mechanism through which cell fate is specified 
by birthdate. In this framework, neurons originate from a particular point inside a 
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tetra-dimensional matrix established by the three spatial coordinates and the 
temporal line. Their point of origin within such matrix would suffice to predict 
their cell fate. While this seems to be the case for the simplest neurological 
systems, such as for example the nervous system of the nematode C. elegans, 
predicting cell fate has proven far more complex in more sophisticated nervous 
systems.  
Spatial and temporal patterning have been extensively studied in many 
different biological systems. For instance, the vertebrate spinal cord represents 
an exquisite example of how neural progenitors utilise spatial information for the 
specification of the diverse neuronal identities. On the other hand, the 
development of Drosophila nervous system and the vertebrate retina illustrate 
two different ways in which time is used to define the identity of nascent 
neurons. I will use these systems to describe our current understanding of spatial 
and temporal patterning, respectively.  
2.2 Spatial patterning: The vertebrate spinal cord as a 
model
Cell diversity in the ventral spinal cord
The developing spinal cord can be divided into two main regions in the 
dorsoventral axis, the basal plate located ventrally to the sulcus limitans, and the 
alar plate above. In the basal plate, two main classes of neurons can be 
distinguished: Motor neurons (MNs) innervate different muscle groups to 
execute motor commands, while locally-connected interneurons (INs) coordinate 
the activity of MNs by linking afferent sensory information with precise MN 
groups. Both these classes can be further divided into several cell subclasses.  
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Spinal INs, for instance, can be divided in four main subclasses named V0, 
V1, V2 and V3 (FIG 1.1A). These IN subclasses can, in turn, be further divided 
into a larger number of cell types based on the expression of specific molecular 
markers (Alvarez et al., 2005; Sapir et al., 2004). For example, recent findings 
revealed the existence of deep transcriptional heterogeneity in  murine spinal INs 
at lumbar levels, which may comprise as many as fifty different types of V1 INs 
based on their transcriptional signature (Bikoff et al., 2016). In addition, a recent 
study has reported regional variations in the composition of V1 INs at different 
rostrocaudal levels of the murine spinal cord (Sweeney et al., 2018). This 
highlights that the extent of IN diversity in the ventral SC may be larger than 
previously anticipated. Thus, while it is clear that spinal cord INs represent a 
very diverse group of neurons, our current knowledge about the cell types that 
compose such group remains incomplete.  
Motor neurons, on the other hand, can be classified into different motor 
columns based on their position and projection targets (FIG 1.1B). For example, 
MNs in the lateral motor column are present at limb levels and project to limb 
muscles, while medial motor column neurons are present along the entire 
rostrocaudal dimension and innervate dorsal axial musculature. Motor columns 
can be further subdivided into different divisions and pools based in their precise 
muscle innervation (FIG 1.1C). 
Dorsoventral patterning in the vertebrate ventral spinal cord
During embryonic development, the activity of several signalling gradients 
delineates the identity of different progenitor pools along the dorsoventral axis of 
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the vertebrate SC. For instance, the diffusive signal sonic hedgehog (Shh) is 
secreted from the mesodermal notochord, an embryonic structure located 
ventrally to the neural tube (Placzek, 1995). In amniotes, Shh induces the 
formation of the floor plate in the ventral-most part of the developing SC. 
Subsequently, cells constituting the floor plate also commence to secret Shh. The 
ventral position of both signalling centres and the diffusible nature of the protein 
leads to the generation of a dorsoventral gradient of Shh, which expose dorsal 
 21
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Figure 1.1. Neuronal diversity in the vertebrate ventral spinal cord
(A) Schematic representation of the neuronal identities populating the ventral spinal cord of 
vertebrates. Four types of interneurons (V0, V1, V2 and V3) can be observed along with MNs. 
(B)  Principal motor columns present at  different rostrocaudal levels of the spinal cord. (C) 
Motor columns are defined on the bases of their target muscle groups. These columns can be 
further subdivided in divisions and pools regarding their  precise muscle innervation.  As an 
example, MNs of the LMC project to limb muscles. This column is split in two divisions: the 
lateral division (L) projects to dorsal flexor muscles, the medial division (M) projects to ventral 
extensor muscles. Both divisions can be subdivided in MN pools innervating individual muscle 
groups. MN, motor neuron. MMC, medial motor column. PGC, visceral preganglionic column. 
HMC, hypaxial motor column. LMC, lateral motor column. Figure inspired by Dansen and 
Jessel 2009. 
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regions of the SC to progressively smaller doses of this signal (FIG 1.2A) 
(Jessell, 2000). This ventral-to-dorsal signalling gradient triggers downstream 
events that induce the specification of diverse neuronal fates in a dose-dependent 
manner. Consistently, exposure of chick embryonic SC explants to different 
doses of Shh in vitro induces the appearance of diverse cell identities (Ericson et 
al., 1996; Roelink et al., 1995; Ericson et al., 1997a; 1997b), while blocking of 
Shh signalling disrupts the genesis of these identities both in vitro and in vivo 
(Ericson et al., 1996). Besides Shh, other signals are known to take part in this 
process, including retinoic acids (RAs) secreted from the paraxial mesoderm 
(Pierani et al., 1999). 
Shh plays its role by regulating the expression of different Homeodomain 
(HD) transcription factors (Briscoe et al., 2000; 1999; Ericson et al., 1997a; 
1997b). In brief, Shh represses the expression of Class I HD proteins and induces 
the expression of Class II HD proteins. Since the expression of each HD protein 
is induced by a specific dose of Shh, this process leads to the expression of 
different HD transcription factors in different dorsoventral regions of the SC 
(FIG 1.2A) (Balaskas et al., 2012). These transcription factors subsequently 
interact through negative gene regulatory feedback loops, restricting the 
expression of each HD protein to a spatially defined territory (Briscoe et al., 
2000). This pattern of expression leads to the segregation of progenitor cells into 
different dorsoventral domains, and instructs them to generate specific classes of 
neurons. Five spatially-organised progenitor pools, named p0, p1, p2, pMN and 
p3 are delineated along the dorsoventral dimension of the ventral embryonic SC. 
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Each of these pools expresses a particular combination of HD proteins, and is 
tuned for the generation of their homonymous cell class (i.e., progenitor cells of 
the p0 domain will exclusively generate V0 INs, while progenitors of the pMN 
domain would be committed to generate spinal motorneurons) (FIG 1.2A) 
(Briscoe et al., 1999; Ericson et al., 1997b; Pierani et al., 1999). Consistently, 
ectopic expression of these HD proteins is sufficient to generate the 
corresponding neuronal classes (Briscoe et al., 2000). Through this process, 
progenitors cells acquire the capacity to generate specific neuronal fates via the 
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Figure 1.2. Spatial patterning in the ventral spinal cord
(A) Schematic representation of dorsoventral pattering mechanisms in the embryonic ventral 
spinal cord. The notochord and the FP secrete the diffusive signal Shh, generating a ventral-to-
dorsal gradient of this protein. The exposure to different levels of Shh induces the expression of 
diverse HD proteins at different dorsoventral levels of the spinal cord. Feedback interactions 
between the  different  HD proteins  further  refine  these  expression  patterns,  delineating  five 
progenitor domains with distinctive gene expression profiles. Each of these progenitor domains 
(P0, P1, P2, PMN & P3) is then committed for the generation of the corresponding neuronal 
identity.  (B) Schematic representation of rostrocaudal pattering mechanisms in the embryonic 
ventral spinal cord. Top: Signalling gradients of diverse diffusive cues in opposite directions 
induce the expression of different Hox genes along the rostrocaudal axis of the spinal cord. This 
initial  expression  triggers  complex  downstream events  leading  to  the  specification  of  MN 
columnar identities.  Bottom; Genome-clustered organisation of Hox  genes. The rostrocaudal 
order  of  expression  of  Hox  genes  recapitulates  their  genomic  organisation.  Shh,  sonic 
hedgehog.  FP,  floor  plate.  RA,  retinoic  acid.  FGFs,  fibroblast  growth  factors.  Gdf,  growth 
differentiation factor 11.  Figure inspired by Jessel 2000.
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expression of certain combinations of transcription factors which, in turn, relies 
entirely on spatial information.  
Rostrocaudal patterning in the vertebrate spinal cord
The mechanisms regulating the specification of different columnar identities 
among motor neurons are similar to those use for the dorsoventral patterning of 
the SC. In chick and mouse embryos, two opposite gradients of morphogens 
provide positional information along the rostrocaudal dimension of the neural 
tube. Proteins from the fibroblast growth factor family (FGFs) as well as Growth 
differentiation factor 11 (Gdf11) are secreted by the caudal Hensen’s node and 
the embryonic tail bund, while RAs are synthesised by the rostral paraxial 
mesoderm (Berggren, 1999; Crossley and Martin, 1995; Liu et al., 2001; 
Mahmood et al., 1995; Dubrulle et al. 2004; Nakashima et al., 1999; 
Niederreither et al., 1997; Niswander and Martin, 1992; Riese et al., 1995). 
These signals therefore establish morphogen gradients in opposite directions 
(FIG 1.2B). Similarly to HD proteins in the dorsoventral axis, these diffusive 
signals negatively regulate the expression of each other. This establishes a 
scenario of molecular competence that causes the exposure of different 
rostrocaudal territories in the SC to different doses of these signals (Del Corral 
and Storey, 2004).  
These signalling gradients induce the expression of a family of genome-
clustered genes encoding for Hox transcription factors in a dose-dependent 
manner. In other words, exposure to different doses of FGFs and Gdf11 induces 
the expression of specific combinations of Hox genes along the SC rostrocaudal 
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axis (Bel-Vialar, 2002; Liu et al., 2001). Interestingly, the rostrocaudal order of 
expression of these genes recapitulates their genomic organisation (FIG 1.2B) 
(Carpenter, 2002; Fernald, 2006; Kmita and Duboule, 2003). This heterogeneous 
gene expression pattern is then transmitted from progenitor cells to the nascent 
MNs, in which it triggers a complex regulatory pathways that leads to the 
appearance of progressively more defined gene expression profiles, and 
ultimately the acquisition of MN columnar identities (Dasen et al., 2003). Thus, 
expression of a specific combination of Hox genes seems to be causally linked to 
the specification of a particular MN columnar identity.  In line with these view, 
misexpression of specific Hox genes in SC progenitor cells is sufficient to 
redefine their columnar fate (Dasen et al., 2003; Shah et al., 2004).   
In summary, these mechanisms use the spatial distribution of progenitor 
cells to regulate the generation of neuronal diversity, endowing spinal 
progenitors with the capacity to produce distinct neuronal fates depending on 
their position along the dorsoventral and rostrocaudal axes of the developing SC.  
2.3 Temporal patterning: Deterministic and stochastic 
models
If the vertebrate SC represents an great example of the use of positional 
information for the specification of neuronal identities, the development of 
Drosophila CNS and the vertebrate retina constitute good models for 
understanding how temporal information is used to generate cell diversity. While 
these mechanisms govern the genesis of stereotyped progenies in Drosophila 
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neuroblasts, more complex the regulatory logic underlying the generation of 
retinal neurons leads to the generation of highly heterogeneous lineages.  
Temporal patterning in Drosophila neuroblasts
Several types of neuroblasts in the Drosophila CNS 
In Drosophila, a large number of spatially organised neuroblasts (NBs) are 
responsible for the generation of both neurons and glial cells. These NBs can be 
classified in three main categories based on their mode of cell division (FIG 
1.3A). Type 0 neuroblasts undergo several rounds of asymmetric self-renewing 
cell division, generating one postmitotic neuron in each round (Baumgardt et al., 
2014). This mode of division is common during late embryogenesis. In contrast, 
type I NBs undergo sequential rounds of asymmetric cell division in which they 
generate ganglion mother cells (GMCs), a different type of neural progenitor that 
subsequently divides once to generate two postmitotic cells. These progenitors 
are especially abundant during early embryogenesis (Kohwi and Doe, 2013). 
Finally, type II NBs show a more complex mode of division, generating ramified 
lineages. This is due to the production of self-renewing NBs and intermediate 
progenitor cells (IPCs) in every round of division. IPCs, in turn, divide multiple 
times, extending a parallel sub-lineage that typically contains several postmitotic 
cells (Bello et al., 2008; Boone and Doe, 2008). This mode of division seems to 
be restricted to only six NBs in the larval central brain.  
Temporal patterning in Drosophila type I neuroblasts
During early embryonic development, spatial patterning mechanisms, similar to 
those described in the vertebrate SC, delineate Drosophila neuroepithelium into 
different segments. These events specify different NB identities that can be 
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named and recognised based on their position within the neuroepithelium. 
Hence, each NB of the embryonic nerve cord can be conveniently identified with 
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Figure 1.3. Temporal patterning in Drosophila neuroblasts
(A) Schematic representation of mode of cell division in type I (top) and type II (bottom) NBs. 
(B) Temporal patterning in Drosophila embryonic type I NBs. Top: Embryonic neuroblasts in 
Drosophila  ventral  nerve  cord  delineate  from  neuroepithelium  and  generate  stereotyped 
progenies  that  adopt  columnar  organisation  above  their  stem  cells.  These  progenies  are 
generated  in  an  inside  out  pattern  correlated  with  birthdate,  with  younger  progenies 
progressively displacing their earlier counterparts. Bottom: The expression of five transcription 
factors  in  sequential  temporal  windows (brown lines)  promotes  the  progression  of  the  NB 
through different competence states (coloured squares). In each competence window, NBs are 
instructed to generate specific cell fates (coloured circles). Example shows the different cell 
identities derived from the NB7-1 NB in each competence window (U1, U2, U3, U4, and U5 
motorneurons, and INs). (C) Temporal patterning in Drosophila larval type II NBs. In addition 
to the temporal progression of the NB (coloured squares), the expression of three tTFs (grey 
lines) creates a secondary temporal progression in IPCs (red squares). Thus, progenies of type 
II NBs are instructed by the interaction of two nested temporal patterning mechanisms. NB, 
neuroblasts. GMC, ganglion mother cell. N, neuron. IPC, intermediated progenitor cell. INs, 
interneurons. tTFs, temporal transcription factors. Hb, Hunchback. Kr, Krüppel. Cas, Castor. 
Grh, Grainy head. D, Dichaete. E, Eyeless. Figure inspired by Doe 2017.
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a row and column number, and their activity traced during development (Kohwi 
and Doe, 2013; Skeath and Thor, 2003). At the onset of neurogenesis, NBs 
detach from the germinal layer and begin to divide generating heterogeneous 
progenies, consisting of different types of neurons and glia that organise radially 
above their stem cells (Doe and Technau, 1993). As neurogenesis proceeds, early 
progenies are progressively displaced by their younger counterparts, so that an 
inside-out pattern emerges that correlates with their birthdate (FIG 1.3B) (Isshiki 
et al., 2001). Intriguingly, each NB gives rise to a reproducible set of cell types in 
a stereotyped birth order (A Schmid, 1999; Bossing et al., 1996). Although the 
cellular identities specified vary between different NBs, the progeny of each 
individual NB contains an invariant combination of cell types generated in a 
precise temporal sequence. Of note, the number of neurons of each type arising 
from individual NBs, however, is slightly variable.    
The ability of single NBs to generate diverse types of neurons and glia 
during development is achieved through the progressive restriction of their 
neurogenic potential. In other words, Drosophila type I NBs progress across 
different temporal windows over the course of development in which they are 
competent to generate a specific cell fate (FIG 1.3B). The progression along 
these competence windows is highly organised in time, which leads to the 
generation of diverse cell types in a highly stereotyped sequence (Cleary and 
Doe, 2006; Pearson and Doe, 2003). Hence, developmental time is used as a rule 
for the generation of neuronal diversity in the Drosophila CNS.  
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The sequential expression of five temporal transcription factors (tTFs): 
Hunchback (Hb), Krüppel (Kr), Nubbin/Pdm2 (Pdm), Castor (Cas) and Grainy 
head (Grh) has been proposed to govern this process (Isshiki et al., 2001). 
Accordingly, the generation of a given group of cell types in NB lineages is 
correlated with the window of expression of corresponding tTFs (FIG 1.3B). 
Although these tTFs represent a core “canonical” pathway that seems to be 
common to all NB lineages mapped to date, the number of transcription factors 
involved, the relative length of each expression window and the cell identities 
specified during those windows are known to vary for different NBs (Doe, 2017; 
Isshiki et al., 2001; Tran and Doe, 2008). 
Several lines of evidence provide a causal link between the expression of 
tTFs and the generation of specific progenies. For instance, a series of elegant 
loss of function experiments have shown that interfering with the expression of 
these genes prevent the generation of their corresponding cell fates 
(Grosskortenhaus, et al. 2006; Novotny, et al. 2002). In contrast, their sustained 
expression leads to an excessive generation of the corresponding cellular 
identities (Grosskortenhaus et al., 2005). In addition, the sequential progression 
among competence windows seems to be, at least in part, based on the regulatory 
roles of these tTFs. Indeed, multiple studies indicate that these genes repress the 
expression of their preceding counterparts (FIG 1.3B), promoting the closure of 
each expression window while progressing to the next (Baumgardt et al., 2009; 
Grosskortenhaus, et al. 2006; Tran and Doe, 2008). In contrast, there is no clear 
evidence of a feedforward activation mechanism driving the progression of the 
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pathway. While some tTFs, have been shown to activate the succeeding gene in 
the pathway (Isshiki et al., 2001), removal of single or multiple tTFs does not 
seem to block the temporal progression (Benito-Sipos et al., 2010; 
Grosskortenhaus, et al. 2006; Grosskortenhaus et al., 2005; Isshiki et al., 2001), 
indicating that the expression of early genes is not necessary for the activation of 
the following. This suggests the existence of alternative transcriptional activators 
for each gene that remain unknown.  
It should be noted, however, that multiple cell fates often arise during the 
expression window of each tTF, which indicates that additional mechanisms exist 
for the specification of each precise fate. Consistently, several other tTFs have 
been implicated in this process. Some of these genes are known to subdivide 
temporal windows into smaller segments to drive the specification of precise cell 
types (Baumgardt et al., 2009; Stratmann et al., 2016; Tsuji et al., 2008), while 
others seem to act as temporal switchers between different widows (Benito-Sipos 
et al., 2011). Whether the progression of this pathway is somehow linked to the 
mitotic activity of NBs remains unclear. Some transitions in the pathway seem to 
depend on cell division, while others are independent of the cell cycle 
(Grosskortenhaus et al., 2005; Mettler, 2006). 
Ultimately, Drosophila NBs use tTFs to direct postmitotic neurons towards 
a particular differentiation program. These genes are transmitted from NBs to the 
nascent neurons, where they trigger complex molecular programmes that lead to 
their final differentiation into a specific cell fate (Allan and Thor, 2015; 
Baumgardt et al., 2007). Some of these programmes include secondary roles of 
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the before mentioned tTFs in postmitotic cells (Stratmann et al., 2016), but also 
additional secondary actors (Lundgren et al., 1995; Thor and Thomas, 1997; 
Wolfram et al., 2014). Remarkably, despite intense research efforts, the 
regulatory logic governing the transition from tTF expression to the final 
establishment of neuronal identity remains elusive.  
Temporal patterning in Drosophila type II neuroblasts
As discussed above, type II NBs generate several IPCs in their successive rounds 
of division, which, in turn, divide multiple times to generate small cohorts of 
neurons and glia. Through this process, NBs generate distinct neuronal identities, 
with unique projection patterns and molecular profiles, in variable numbers (Ito 
et al., 2013). Similar to their embryonic counterparts, larval type II NBs use a set 
of tTFs for the temporal specification of their progenies (FIG 1.3C) (Ren et al., 
2017; Syed and Doe, 2017). Interestingly, clonal labelling experiments using 
twin spot mosaic analysis with repressive cell markers (tsMARCM) have shown 
that IPC progenies are highly heterogeneous, containing several cell identities 
with different projection patterns. These findings raised the question about the 
mechanisms underlying the fate specification of IPC-derived cohorts.  
An elegant study from the Doe lab has recently helped to illuminate this 
issue. The authors identified a sequence of three transcription factors, Dichaete 
(D), Eyeless (E), and Grainy head (Grh), as been responsible for the specification 
of ICP-derived sub-lineages (FIG 1.3C) (Bayraktar and Doe, 2014). Specific 
groups of neurons and glia are generated during the expression window of each 
transcription factor, and disruption of this temporal sequence leads to loss of the 
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corresponding cell fates. Intriguingly, overexpression of these genes created 
more complex phenotypes, suggesting that these tTFs may be necessary but not 
sufficient for the specification of cell identities. These genes seem to play dual 
roles in the regulation of temporal progression: each tTF represses the preceding 
and activates the next (FIG 1.3C). Hence, this system draws a model in which 
two orthogonal temporal sequences regulate the fate of type II NB progenies. A 
first pathway takes place in the NBs themselves, committing the nascent IPCs to 
generate certain fates according to the progenitor birthdate. Subsequently, IPCs 
progress through their own temporal sequence using similar mechanisms. The 
combined action of these two temporal sequences therefore provides a complex 
molecular code for the specification of post-mitotic cell fates with increased 
resolution for the generation of a wide diversity of cell types.  
These two examples illustrate the use of temporally regulated molecular 
cascades as powerful mechanisms for the generation of reproducible progenies 
following a precise birth order. Such mechanisms are used in a great number of 
biological systems to generate cellular diversity. In some cases, however, similar 
mechanisms are coupled with complex regulatory machineries, leading to the 
generation of more unpredictable progenies. The vertebrate retina represents a 
wonderful model of these complex interactions.  
Fate specification in the vertebrate retina
Cell composition of the vertebrate retina
Seven major cell types populate the mature vertebrate retina, distributed among 
three cellular layers (FIG 1.4A) (Livesey and Cepko, 2001). The most external 
layer, named outer nuclear layer (ONL), contains photoreceptor cells, which are 
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Figure 1.4. Fate specification in the vertebrate retina
(A) Schematic representation of cellular diversity in the vertebrate retina. (B) Top: The three 
alternative types of progenitor cell divisions observed in the mammalian retina. Bottom: The 
relative  frequencies  of  the  different  cell  division  patterns  experience  changes  along 
development. (C) Example of a retinal lineage tree in which RPCs divide following the patterns 
described  in  B.  (D)  Retinal  cells  are  generated  in  a  stereotyped  temporal  sequence.  The 
different  retinal  cell  types  are  generated  in  sequential  but  overlapping  temporal  windows 
(coloured  lines).  (E)  Stochastic  generation  or  retinal  cell  diversity.  Top:  Coloured  lines 
represent  the temporal  windows for  the generation of  each retinal  cell  type.  Coloured bars 
represent the theoretical neurogenic potential of RPCs across developmental stages. The partial 
overlap of temporal windows allows RPCs to generate diverse cell identities at a given stage. 
Bottom:  During the different temporal windows, RPCs seem to take a number of stochastic 
‘decisions’ for  the  specification  of  their  progenies,  leading  to  the  genesis  of  flexible  and 
unpredictable  outcomes.  The  probability  to  generate  neurons  during  the  different  temporal 
windows  (grey  lines)  could  have  an  important  impact  in  the  outcome  of  progenitor  cells, 
ensuring the genesis of balanced ratios of cell types at population levels.
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further classified into rods and cones, whose role is to encode light into electrical 
signals. The inner nuclear layer (INL) contains bipolar cells, the cell bodies of 
Müller glia, and two types of retinal interneurons, horizontal and amacrine cells. 
This layer is the first step in visual information processing, linking 
photoreceptors with retinal ganglion cells (RGCs). This last cell type populates 
the most internal layer of the retina, known as ganglion cell layer (GCL). This 
layer represents the output channel of the retina, from where visual information 
is transmitted to several brain centres. Two neuropil layers exist between the 
cellular layers. The outer plexiform layer (OPL) is located between ONL and 
INL, and contains the neurites of photoreceptors, bipolar and horizontal cells as 
well as their synaptic contacts. The inner plexiform (IPL) layer separates the INL 
from the GCL and hosts the synaptic contacts between bipolar cells, amacrine 
cells and RGCs. It should be noted that growing evidence supports the existence 
of further diversity within these major groups. Over 60 different subtypes have 
been recently identified based on their transcriptional profiles and functional 
properties (Masland, 2012).  
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(F) Fate-restriction in RPC terminal divisions. Terminally dividing progenitor cells expressing 
specific marker genes seem to exhibit strong biases towards the generation of certain cell types, 
generating stereotyped and predictable progenies. (G) A unified model of retinal development. 
A population  of  self-renewing  progenitor  cells  could  progress  through  sequential  temporal 
windows of competence, taking a number of stochastic ‘decisions’ for the generation of diverse 
retinal cell types as described in E. This could be achieved through the generation of several 
waves  of  terminally  dividing  progenitor  cells  that  express  known  marker  genes,  and  are 
committed for the generation of specific retinal types. GC L, ganglion cell layer. IPL, inner 
plexiform layer. OPL, outer plexiform layer. INL, inner nuclear layer. ONL, outer nuclear layer. 
HC, horizontal cell. RGC, retinal ganglion cell. AC, amacrine cell. BPC, bipolar cell. RPC, 
retinal progenitor cell. N, neuron. Figure inspired by Cepko 2014.
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Cell biology of retinal neurogenesis
The complete set of retinal cell types arises from mitotic cells known as retinal 
progenitor cells (RPCs). The cell bodies of these progenitors move radially as 
they progress through the cell cycle, a process commonly known as interkinetic 
nuclear migration, and divide at the apical surface of the retinal neuroepithelium 
(Baye and Link, 2008; 2007). RPCs are known to divide following three 
different patterns: symmetrically to generate two RPCs, asymmetrically to 
generate one RPC and one post-mitotic cell, and terminally to generate two post-
mitotic cells (FIG 1.4B) (Baye and Link, 2007; J. He et al., 2012; Jensen, 1997). 
Although RPCs are known to use these modes of division indiscriminately 
during neurogenesis, their relative frequency changes as development proceeds 
(FIG 1.4B,C). At early developmental stages, symmetrical divisions are 
prominent, leading to an expansion of the progenitor pool prior to the onset of 
neurogenesis. At the onset of retinogenesis, all three division patterns are present, 
but asymmetric divisions become more prevalent. Finally, at late developmental 
stages, progenitor cell numbers reduce progressively as a result of terminal 
divisions, leading to the final exhaustion of the progenitor cell population 
(Alexiades and Cepko, 1996; Livesey and Cepko, 2001). 
Fate specification in the vertebrate retina
The vertebrate retina represents perhaps the best example of how temporal 
patterning mechanisms, endowed with sufficient flexibility, can lead to the 
generation of very complex cellular systems. In the retina, each progenitor cell 
generates variable and unpredictable outcomes, but the collective sum of 
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progenitor cells build a structure that is almost identical among different 
individuals.  
The first evidence of temporal patterning in the vertebrate retina derives 
from classic birth dating studies. These experiments revealed that, at the 
population level, retinal cells are generated in a stereotyped temporal sequence 
conserved among vertebrate species (FIG 1.4D) (Belecky-Adams et al., 1996; 
Holt et al., 1988; Rapaport et al., 2004; Young, 1985). These studies also 
revealed that distinct cell fates are generated simultaneously at certain stages, 
which led to the conclusion that the diverse cell types that populate the adult 
retina are generated in sequential but overlapping developmental windows (FIG 
1.4D). Two non-mutually exclusive hypotheses have been proposed to explain 
this fact. First, it has been suggested that RPCs could progress through a 
common temporal sequence as in Drosophila NBs, but such progression could 
not be synchronous among different progenitor cells, which would lead to the 
generation of different cell types at any given developmental time point. 
Consistently, different zones of the developing retina have been reported to 
mature asynchronously in a number of species (Martinez-Morales et al., 2005; 
Neumann and Nuesselein-Volhard, 2000). Second, it has been hypothesised that 
different types of RPCs could operate different developmental programmes in 
parallel, generating different cell identities simultaneously.  
Few studies have aimed to clarify this question by studying the output of 
RPCs at clonal resolution. Lineages derived from early RPCs were found to be 
highly variable in size and composition, typically ranging between 1-16 cells per 
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clone in Xenopus (Holt et al., 1988) and between 1 and over 200 cells in mice 
(Turner et al., 1990), and apparently containing random samples of retinal 
diversity organised in radial units (Holt et al., 1988; Turner et al., 1990; Weits 
and Fraser, 1988; Wong and Rapaport, 2009). This high degree of variability led 
to the premature conclusion that cell fate determination in the retina is 
established at the postmitotic state, and primarily driven by the local 
environment. Such mechanism has been also proposed for other cells, like those 
derived from the neural crests. However, experiments testing the influence of 
environmental signals in retinal cell fate specification have revealed a limited 
role of such signals in regulating RPC output. First, RPCs isolated in vitro 
generate temporally appropriate cell types (Reh and Kljavin, 1989) and 
recapitulate the in vivo sequence of cell identities both when cultured alone or in 
the presence of other retinal cells (Cayouette et al., 2003). In addition, embryonic 
rat RPCs co-cultured with postnatal retinal cells maintain their neurogenic fate, 
generating cells typically born during embryonic temporal windows in vivo 
(Cepko, 1999). This study, however, identified regulatory feedback loops 
controlling the production of balanced ratios of each cell type, since the presence 
of amacrine cells reduce the amount of these cells obtained from cultured 
progenitors. Conversely, co-culture with embryonic retinal cells seems unable to 
reprogram postnatal RPCs for the generation of cell fates typically produced in 
embryonic stages, although the fraction of postnatal cell fates generated differs 
from those observed in vivo (Belliveau et al., 2000). Thus, exposure to 
heterochronic environments in vitro seems unable to instruct the neurogenic 
behaviour in RPCs. The local environment, however, seems capable to regulate 
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the precise output of these progenitors, impacting the ratios of each type of cell 
generated during development.  
These observations led to the proposition of the so-called competence 
model of retinal development. According to this model, the competence to 
generate the different cell types that populate the adult retina is intrinsically 
encoded in RPCs. Thus, similar to Drosophila NBs, RPCs would progress 
through an invariant number of sequential competence states, each of which 
endowing them with the capacity to generate a specific cell fate (Cepko et al., 
1996). Consistently, murine genes homologous to those encoding for tTFs in 
Drosophila have been reported to play similar roles in the mouse retina (Elliott et 
al., 2008). Environmental cues might, in addition, regulate the progression of the 
intrinsic timer and/or the mitotic activity of RPCs within each competence state, 
ultimately controlling the output of these progenitors. This environmental control 
of RPC activity would lead to the generation of heterogeneous progenies, 
matching the results obtained in clonal experiments. In agreement with this idea, 
recent studies have shown that the progenies of rat RPCs in culture, as well as 
those derived from zebrafish RPCs, are easily predicted by a simple stochastic 
model of retina development, in which the outcome of each RPC is established 
via a series of probabilistic “decisions” during development (Gomes et al., 2010; 
He et al., 2012). In such model, the probability to generate the different cell fates 
would be directly linked to the relative fraction of those fates generated across 
development (FIG 1.4E). Consequently, this mechanism would ensure an 
appropriated balance of cell types in the adult retina, while allowing a high 
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degree of freedom in the activity of individual RPCs. The nature of the biological 
identity behind these probabilities remains to be elucidated, although it probably 
requires the interaction of intrinsic programmes and environmental signals, as 
discussed above.  
Intriguingly, the generation of some types of retinal cells in appropriate 
numbers does not seem to be faithfully predicted by stochastic models (Gomes et 
al., 2010), which suggest the presence of parallel developmental mechanisms 
underlying the appearance of such fates. These findings led to proposal of the 
existence of distinct pools of RPCs with different neurogenic properties. Several 
lines of evidence support the existence of multiple populations of RPCs. For 
instance, several studies using a variety of methods have reported heterogeneous 
gene expression profiles among progenitor cells in the murine retina (Blackshaw 
et al., 2004; Guillemot and Joyner, 1993; Jasoni and Reh, 1996; Nakamura et al., 
2006; Trimarchi et al., 2008). In addition, the expression of few key marker 
genes in RPC subpopulations has been linked to the generation of specific cell 
fates in terminal divisions (Brzezinski et al., 2011; Emerson et al., 2013; 
Godinho et al., 2007; Hafler et al., 2012; Nakamura et al., 2006; Suzuki et al., 
2013) (FIG 1.4F). Finally, RPCs expressing Cdh6 have been recently shown to 
preferentially generate specific subtypes of RGCs throughout their lineage (la 
Huerta et al., 2012). Most of the observed biases towards the generation of 
specific cell fates, however, occur at terminal divisions, while non-terminally 
dividing RPCs seem to specify diverse progenies consistently. These results are 
thus compatible with a scenario in which multipotent RPCs generate sequential 
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cohorts of terminally dividing progenitors programmed to generate specific cell 
types, as proposed previously (FIG 1.4G) (Hafler et al., 2012). Therefore, 
although the existence of several types of RPCs following different 
developmental programmes cannot be excluded, conclusive evidence supporting 
this idea is currently missing, and additional studies are required to shed light 
into this problem.  
In conclusion, while temporal progression in Drosophila NBs leads to the 
appearance of stereotyped progenies in a fix birth order, temporal progression in 
the vertebrate retina seems to be linked to stochastic mechanisms that allow 
progenitor cells to generate a wide diversity of outcomes. These stochastic 
mechanisms are likely based on a sophisticated regulatory logic that controls the 
generation of correct numbers of retinal cells, ensuring the construction of 
organised structures from apparently disorganised individual progenitor 
behaviours. Such mechanisms confer a high degree of flexibility and robustness 
to the process (Johnston and Desplan, 2010), and may represent an adequate path 
for the assembly of very complex cellular systems.  
3. Developmental origin of neuronal diversity in 
the mammalian cerebral cortex
The mammalian cerebral cortex is one of the most complex machineries of the 
mammalian brain. It can be further subdivided in three main structures, 
archicortex, paleocortex and neocortex. Among these cortices, the neocortex is 
the most recent evolutionary invention. It is composed by a wide diversity of cell 
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types and is responsible for several high-order functions, including sensory 
processing, cognition and learning, among others. The development of neocortex 
involves many diverse mechanisms, including different forms of spatial and 
temporal patterning. Collectively, these mechanisms generate the cellular 
elements that assemble the neuronal circuits involved in cortical function. Here I 
will describe how these mechanisms are combined for the generation of cortical 
neuronal diversity, using the mouse as a model organism.  
3.1 Cellular composition of the mammalian neocortex
Architecture of the mammalian cortex: Layers & columns
The mammalian cerebral cortex is a regionalised structure that can be divided 
into several areas with differential cytoarchitectonic organisation, which contain 
different neuronal populations. Despite this complexity, two main axes of 
organisation are common across the diverse regions of the neocortex, 
representing the primary structural and functional organisation of the cerebral 
cortex. 
In the tangential dimension, the neocortex is organised in six layers (named 
I to VI) defined by their differential cellular composition and relative position 
across the thickness of the cortex. The diverse neuronal populations residing in 
these layers are known to perform different computational functions, constituting 
sequential steps in cortical information flow. In broad terms, these layers can be 
classified in superficial (II/III-IV) and deep (V-VI) layers. Homologs of deep 
layers seem to be present in the brains of amphibians, reptiles and birds. In 
contrast, a remarkable expansion of superficial layers characterise the complex 
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cortices of mammals (Molnár et al., 2006; Sùper and Uylings, 2001) been one of 
the most distinctive features of the primate brain.  
In the radial dimension, the cerebral cortex is formed by repeated columnar 
modules that represent vertical samples of the six cortical layers. These columns 
are thought to work as independent information processing modules, constituting 
the primary functional organisation of the mammalian neocortex (Hubel and 
Wiesel, 1969; 1968; 1963; Mountcastle, 1997), although the universality of this 
organisation has been questioned (Horton and Adams, 2005). Inside these 
modules, information seems to flow across the different layers following a 
canonical directional circuit that is common in all mammalian species (Douglas 
and Martin, 2004; Thomson and Bannister, 2003).  
Two major groups of neurons populate the mammalian neocortex
The neuronal population of the cerebral cortex can be classified into two broad 
classes. Excitatory pyramidal cells (PCs) constitute the majority (~80%) of the 
entire population of neurons. These neurons connect both locally and to distal 
targets, controlling communication between diverse brain regions, and use 
glutamate as their neurotransmitter. On the other hand, inhibitory GABAergic 
interneurons (INs) account for the remaining ~20% of the neuronal population. 
They establish local connections with surrounding neurons, primarily regulating 
the activity of local groups of PCs and other INs.  
Pyramidal cells populate all layers of the neocortex with the exception of 
layer 1. They can be classified into different subclasses and types based on their 
projection patterns and gene expression profile (Greig et al. 2013; Lodato and 
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Arlotta, 2015; Y. Wang et al., 2018). Hence, two main subclasses of PCs populate 
the cerebral cortex (FIG 1.5A): Intratelecephalic projection neurons (ITPNs), 
also known as cortico-cortical projection neurons, exclusively target 
telencephalic structures, mostly projecting inside the cerebral cortex. In contrast, 
corticofugal projection neurons (CFuPNs) project to diverse targets outside the 
neocortex. The formers are found across all cortical layers, while the laters are 
commonly restricted to deep cortical layers. These subclasses can be, in turn, 
subdivided in different cell types heterogeneously distributed among cortical 
layers.  
Different types of ITPNs are found across cortical layers (FIG 1.5B); 
commissural projection neurons (CPNs) send projections to the contralateral 
hemisphere, crossing the midline through the corpus callosum or the anterior 
commissure. In turn, associative projection neurons (APNs) connect locally and 
with diverse territories within the ipsilateral hemisphere. In layer IV, granular 
neurons, a morphologically defined group of locally-connecting APNs is 
dominant, and shares the niche with other types of associative and commissural 
neurons. In layer V, a third population of ITPNs, named corticostriatal projection 
neurons (CStPNs), send their axons to the ipsilateral striatum, often combining 
this connection with projections to the contralateral hemisphere. ITPNs are often 
identified  by the expression of high levels of the transcription factor Satb2.  
 CFuPNs can also be subdivided in two main groups (FIG 1.5C); 
subcerebral projection neurons (SCPNs) reside in neocortical layer V, from 
where they extend their projections towards diverse targets in the brainstem and 
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the spinal cord. This group consists in turn of a number of different PC types, 
defined by their precise targets. Corticopontine (CPtPN), corticotectal (CTcPN), 
corticobulbar, and corticospinal (CSpPN) projection neurons are examples of 
those types. Layer V SCPNs are often recognised by their expression of the 
transcription factor Ctip2 at high levels. Corticothalamic projection neurons 
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Figure 1.5. Pyramidal cell diversity in the mammalian cerebral cortex 
(A) Two main PC subclasses populate the cerebral cortex. Top: ITPNs populate all  cellular 
layers of the neocortex. Bottom: CFuPNs are typically confined in deep cortical layers. These 
subclasses  can  be  identified on  the  bases  of  their  distinctive  gene  expression  patterns.  (B) 
ITPNs can be classified in different types based on their projection patterns. (C) CFuPNs can be 
classified  in  different  groups  and  types  based  on  their  projection  patterns.  ITPN, 
intratelencephalic  projection  neuron.  CFuPN,  corticofugal  projection  neuron.  CThPN, 
corticothalamic projection neuron. SCPN, subcerebral projection neuron. CPN, commissural 
projection neuron. APN, associative projection neuron. GC, granular cell. CStPN, corticostriatal 
projection neuron. CPtPN, corticopontine projection neuron. CSpPN, corticospinal projection 
neuron.  CTcPN,  corticotectal  projection  neuron.  NCx,  neocortex.  Str,  striatum.  cc,  corpus 
callosum. OB, olfactory bulb. Th, thalamus. OT, optic tectum. Cr, cerebellum. SC, spinal cord. 
Figure inspired by Molyneaux et al. 2007.
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(CThPNs) are primarily found in layer VI, although a small population is also 
present in the deep strata of layer V. These cells project to diverse thalamic 
nuclei, and are often identified by the expression of the transcription factors Tle4 
and Tbr1.   
Although these two main subclasses agglutinate the vast majority of PC 
types, some PCs combine multiple connections and can be thus categorized in 
multiple groups. As an example, some layer V cells in the prefrontal cortex 
project to both subcerebral and cortical targets.  
The different combinations of transcription factors expressed by these PC 
subclasses have been extensively used as marker genes for their identification 
(Alcamo et al., 2008; Arlotta et al., 2005; Bedogni et al., 2010; Britanova et al., 
2008; Greig et al., 2013; McKenna et al., 2011; Molyneaux et al., 2007; 2015; 
Woodworth et al., 2016). It is worth noting, that although the expression of such 
genes is often considered subclass-specific, this assumption is frequently 
inaccurate. Instead, these genes seem to be dynamically regulated during 
development. At birth, immature PCs seem to co-express these transcription 
factors, exhibiting an undifferentiated state. Subsequently, the expression of 
these genes is segregated as neurons mature, driving the molecular programmes 
for their subclass specification (Greig et al., 2013; Molyneaux et al., 2007). Once 
development is completed, co-expression of these markers can be found in some 
PCs. Indeed, the expression of certain combinations of these genes has been 
proposed to identify further PC subpopulations (Harb et al., 2016).  
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Increasing evidence supports the existence of a deeper diversity of PC 
identities. Many cell types can be further subdivided into a larger number of 
subtypes, present within and across cortical regions (Wang et al., 2018). These 
findings are not surprising, since the precise connectivity and projection patterns 
of each type are subject to variation within different cortical regions. In other 
words, neurons of a given type residing in different areas project to different 
targets, suggesting that PCs are indeed an extremely diverse group of neurons 
whose heterogeneity may escape our current understanding.  
Cortical INs are also a highly diverse group of neurons that are commonly 
classified using a combination of morphological, neurochemical and functional 
criteria (De Felipe et al., 2013). In the rodent cortex, these neurons can be 
divided in three non-overlapping groups known as cardinal subclasses, based on 
the expression of specific markers: Parvalbumin- (PV), Somatostatin- (SST) and 
5HT3aR-expressing interneurons (FIG 1.6).  
PV cells account for ~40% of all cortical INs, receive their name due to the 
expression of the homonymous calcium binding protein, and present 
characteristic fast spiking firing properties. This IN class can be further 
subdivided in three main cell types. Soma-targeting basket cells are the most 
abundant among PV INs. These cells are widely distributed across cortical areas 
and layers, and extend tortuous local axonal arborisations that allow them to 
connect onto the cell bodies and proximal dendrites of surrounding PCs as well 
as other INs (Hu et al., 2014). Axo-axonic chandelier cells are a small group of 
PV interneurons heterogeneously distributed among cortical regions and layers, 
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abounding in layers VI and II of prefrontal cortical regions. These cells 
specifically inhibit the axon initial segment of surrounding PCs, providing strong 
inhibition onto these cells (Somogyi et al., 1982). Their axonal arbours adopt 
very stereotyped morphologies, resembling the shape of a candlestick. Although 
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Figure 1.6. Interneuron diversity in the mammalian cerebral cortex 
Cortical  interneurons can be classified in three main subclasses:  PV interneurons 
(red),  SST  interneurons  (blue);  and  the  heterogeneous  group  of  5HT3aR 
interneurons (green).  Each of these subclasses can be further subdivided into the 
different  types  illustrated  in  the  figure  based  on  their  distinctive  features.  Such 
features include gene expression, morphology, connectivity patterns and functional 
properties. Figure inspired by Marín et al 2013. 
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always considered part of this subclass given the important similarities with 
other types PV cells, an important fraction of chandelier cells in the murine 
cortex do not express detectable levels of PV (Taniguchi et al., 2013). Finally, 
translaminar INs are a rare type of PV cells particularly abundant in deep cortical 
layers, from where they send their axons upwards across cortical thickness, 
targeting PCs of different layers (Bortone et al., 2014).  
A second cardinal subclass of cortical INs expresses the neuropeptide 
somatostatin, and specialises in specifically targeting the dendrites of their 
postsynaptic partners. These cells account for ~30% of total cortical INs, and can 
be divided in three different types. Martinotti cells are the most abundant (~60%) 
among SST INs, and are particularly abundant in neocortical layer V, although 
they can also be found in superficial layers, where they often express the calcium 
binding protein calretinin (CR). These cells are distinguishable by their 
characteristic morphology, extending their axons vertically to reach layer I, 
where they arborize profusely to target the distal dendrites of local PCs. 
(Hilscher et al., 2017; Maximiliano José et al., 2018; Wang et al., 2004). Unlike 
PV cells, these SST INs exhibit heterogeneous firing patterns. Non-Martinotti 
SST cells are present in all cortical layers, although they are particularly 
abundant in layer IV, where they primarily target PV basket INs (Xu et al., 2013). 
These cells extend their axons locally, lacking projections to layer I, and present 
higher firing frequencies than their Martinotti counterparts, but not as high as PV 
interneurons (Maximiliano José et al., 2018). In addition to SST INs, a small 
population of GABAergic projection neurons also express somatostatin, together 
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with other markers as nitric oxide synthase (NOS), and neuropeptide Y (NPY). 
These cells primarily populate deep cortical layers, from where they project to 
other cortical regions (He et al., 2016).  
Finally, the third major subclass of cortical interneurons, which accounts 
for the remaining ~30% of cortical INs, and expresses the serotonin receptor 
5HT3aR, represents a conglomerate of diverse cell types. Vasointestinal peptide 
(VIP) expressing bipolar INs are the most abundant type of 5HT3aR INs. These 
cells are abundant in the superficial layers II and III and have disinhibitory 
functions, since they mainly input onto SST and PV INs (Jiang et al., 2015; 
Pfeffer et al., 2013). They often co-express CR and display continuously 
adapting firing properties (Prönneke et al., 2015). Coleocistokinin (CCK) 
expressing basket cells constitute a group of 5HT3aR INs that can be divided 
into two types of basket cells. The first type also expresses VIP, and is more 
abundant in superficial layers in the cerebral cortex. The second type is negative 
for the expression of VIP, and resides primarily in layers V and VI. Both types of 
CCK basket cells are multipolar and, alike their PV mates, synapse onto the cell 
bodies of surrounding PCs and other INs. Unlike PV cells, however, these cells 
exhibit regular or burst spiking firing (Kawaguchi and Kubota, 1998). 
Neurogliaform cells are the most prominent group of layer I INs (Schuman et al., 
2018), although they can be rarely found in other layers. They extend local 
tortuous axons, and often co-express reelin and NPY (Lee et al., 2010). They 
exhibit late spiking properties and have been implicated in volumetric GABA 
transmission (Oláh et al., 2007). Neurogliaform cells share layer I with 5HT3aR+ 
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reelin+ double bouquet cells, which extend their axons towards deep cortical 
layers, where they ramify profusely (Jiang et al., 2015). NYP+ multipolar 
interneurons constitute a different type of cortical INs, which is frequently found 
in the top border of layer II (Gelman et al., 2009; Miyoshi et al., 2010). Finally, 
Meis2+ intersticial INs reside in the white matter, and their axons innervate deep 
cortical layers (Engelhardt et al., 2011; Frazer et al., 2017). 
Current view of interneuron diversity and classification has been reviewed 
elsewhere (Lim et al., 2018a; Tremblay et al., 2016). Nevertheless, despite the 
multiple efforts in the characterisation and classification of cortical INs, our 
understanding of IN diversity remains very limited. Recent single cell 
transcriptomic data suggest the existence of ~50 different IN identities in murine 
V1 cortex based on gene expression profile (Tasic et al., 2016). Contrary to PCs, 
however, IN identities seem to be common across different regions of the 
mammalian brain (Tasic et al., 2018), although the relative numbers of the 
diverse types seem to vary across these regions.  
3.2 Early patterning of the mammalian telencephalon
The development of the cerebral cortex commences with the spatial patterning of 
the rostral-most part of the neural tube, named telencephalon. This leads to the 
division of the telencephalic neuroepithelium into several regions committed to 
the generation of different classes of neurons.  
Dorsoventral patterning in the rostral telencephalon
In the earliest stages of brain development the mammalian telencephalon consists 
of a single layer of neural progenitor cells. At this stage, the activity of diverse 
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Figure 1.7. Spatial patterning in the mammalian telencephalon
(A) Schematic representation of the mammalian telencephalon at early developmental stages. 
Three  main  signalling  gradients  play  primary  roles  in  the  initial  spatial  patterning  of  the 
telencephalon. (B) The activity of these signalling gradients segregates the rostral telencephalon 
into two main regions, the dorsal pallium and the ventral subpallium. The secretion of Wnts by 
the cortical hem contributes to the establishment of the pallial territory, which is delimited by 
the secretion of Wnt antagonists from the anti-hem. The subpallial territory is also established 
by the action of diverse signals, including Shh and FGFs. These initial patterning events lead to 
the expression of few core genes that define the identities of these two regions. (C) Within the 
dorsal pallium, the activity of four main signalling gradients creates a complex gene expression 
grid  that  exposes  different  regions  of  the  presumptive  neocortex to  different  dose  of  these 
signals. This would then lead to the appearance of different cortical areas that compose the 
adult cortex. (D) Within the ventral subpallium, four main structures are segregated based in the 
expression of key instructive genes that endow them with differential neurogenic capabilities. 
BMP, bone morphogenic protein. FGF, fibroblast growth factor. Shh, sonic hedgehog. LGE, 
lateral  ganglionic  eminence.  MGE,  medial  ganglionic  eminence.  CGE,  caudal  ganglionic 
eminence. Spt, septum. Figure inspired by Greig et al. 2014.
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signalling gradients along the dorsoventral axis lay the groundwork for the 
division of the telencephalic neuroepithelium into two big domains, the dorsal 
pallium and the ventral subpallium (FIG 1.7A,B). Most importantly, the 
expression of Gli3 and Shh in opposing dorsoventral gradients is known to play 
central roles in the segregation of these embryonic regions.   
In the dorsal telencephalon, the expression of the transcription factor Gli3 
induces the secretion of Wnts and Bone morphogenic proteins (BMPs) by the 
cortical hem at the dorsal midline. Such secretion establishes a dorsoventral 
gradient of Wnt expression across the presumptive pallial territory. The 
expression of these cues is restricted to the dorsal aspect of the telencephalon by 
the action of an opposing signalling gradient of Wnt antagonists derived from the 
anti-hem, an embryonic patterning centre located in lateral positions at the level 
of the presumptive pallial/subpaliall boundary (Azzarelli et al., 2015). Via 
molecular mechanisms that have not been completely unravelled, these signals 
induce the expression of a handful of genes, that are responsible for the 
specification of pallial identity in the dorsal telencephalon. These include, among 
others, Empty spiracles homolog 2 (Emx2), Paired box gene 6 (Pax6) and 
Neurogenines 1 and 2 (Ngn1/2).  
In the ventral telencephalon, the expression of Shh seems to be critical for 
the establishment of subpallial identity. This morphogen seems to act as a 
repressor of the transcription factor Gli3, confining its expression to the dorsal 
aspect of the embryonic telencephalon, preventing the dorsalisation of the ventral 
region (Hébert and Fishell, 2008). As Gli3 exhibits repressive effects in the 
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expression of proteins of the Fibroblast growth factor (FGF) family, its blockage 
by Shh allows the secretion of these cues from the anterior neural ridge. These 
proteins seem to participate in indirect feedback regulatory loops, inducing the 
expression of Shh. Ultimately, Shh and FGFs induce the expression of several 
transcription factors in the ventral telencephalon that establish the subpallial 
identity in this region. These include Nkx2-1, Gsx2, Mash1, and several members 
of the Dbx family.  
The dorsal pallium gives raise to the paleocortex, archicortex and 
neocortex, while the ventral subpallium originates the basal ganglia structures 
such as the striatum and the globus pallidus (Hébert and Fishell, 2008; Rallu et 
al., 2002), as well as the full complement of cortical INs (Anderson et al., 1997; 
Tamamaki et al., 1997). Subsequent spatial patterning will subdivide these 
structures into diverse regions with specific developmental roles. 
Regionalisation of the embryonic pallium
After the delineation of the pallial territory, the expression of the Lim-
Homeodomain transcription factor Lhx2 in the dorsomedial region of the pallium 
differentiates the presumptive neocortex from the adjacent medial archicortex 
and lateral paleocortex. The embryonic neocortex is then patterned into different 
regions via the activity of several morphogen gradients expressed in orthogonal 
directions (Greig et al., 2013). In brief, several members of the FGF family are 
secreted by the commissural plate, generating a rostro-medial to caudo-lateral 
gradient (Garel et al., 2003; Toyoda et al., 2010). Furthermore, Wnts and 
members of the BMP family are secreted from the cortical hem at caudo-medial 
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positions. Finally, the anti-hem expresses secreted frizzled-related protein 2 
(SFRP2) and epidermal growth factors (EGFs) at lateral positions. These signals 
induce the expression of several transcription factors (Pax6, Emx2, Couptf1, and 
Sp8) in four complementary gradients which, collectively, generate a spatial 
matrix of gene expression that defines the entire cortical primordium (FIG 1.7C).  
The expression of these TFs in cortical progenitors establishes a 
presumptive proto-map that ultimately controls the size and position of the 
different cortical areas that constitute the adult cerebral cortex (FIG 1.7C). 
Consequently, manipulating the activity of these genes is sufficient to alter 
cortical regionalisation (Armentano et al., 2007; Bishop et al., 2000; Hamasaki et 
al., 2004; Muzio et al., 2002; Zembrzycki et al., 2007). It should be noted, 
however, that although the position and size of cortical areas are severely 
disrupted when the expression of these patterning genes is altered, subsequent 
developmental processes seem to remain unaltered. Indeed, ectopic areas 
develop appropriate cell identities, establish correct projection patterns, and even 
generate properly configured sensory representations (Armentano et al., 2007). 
This suggests an early role of these genes in encoding positional information, 
triggering regional developmental programmes in specific positions within the 
expression matrix. Once triggered, these programmes would be free to 
progressively unfold downstream events in both progenitors and postmitotic 
cells, controlling the acquisition of appropriate cell identities and regional 
connectivity patterns independently from the early expression code.  
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Regionalisation of the embryonic subpallium
While regionalisation in the pallial territory induces the origin of the different 
cortical areas, spatial patterning in the subpallium is linked to the generation of 
different neuronal identities (Butt et al., 2005; Gelman and Marín, 2010; Xu, 
2004). Following the delineation of pallial and subpallial territories, the 
signalling gradients involved in such patterning also induce differential gene 
expression patterns in the subpallium, leading to the appearance of several major 
subpalliall structures (FIG 1.7D) (Flames et al., 2007; Mayer et al., 2018; Xu et 
al., 2010). The most dorsal aspect of the subpallium expresses the transcription 
factor Gsh2 and forms the lateral ganglionic eminence (LGE), which gives rise 
to striatal GABAergic projection neurons, and olfactory bulb INs. The domain 
immediately ventral to the LGE expresses Nkx2-1 and originates the medial 
ganglionic eminence (MGE) and the preoptic area (POA). These structures are 
responsible for the generation of two of the cardinal subclasses of cortical INs, 
PV and SST cells, as well as striatal INs (Lavdas et al., 1999; Wonders and 
Anderson, 2006; Xu et al., 2008). In addition, these embryonic structures also 
generate the diverse set of GABAergic neurons that populates the globus pallidus 
(Nobrega-Pereira et al., 2010). Finally, the most caudal aspect of the LGE, 
although lacking an anatomically distinguishable border with the rostral LGE, is 
defined by the expression of a different combination of genes, including diverse 
members of the Coup-tf family. This distinctive gene expression pattern endows 
this region with differential neurogenic properties. This structure, known as the 
caudal ganglionic eminence (CGE), gives rise to the third major group of cortical 
INs, those expressing the serotonin receptor 5HT3aR (Nery et al., 2002). 
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Ventrally to the CGE, a caudal extension of the POA named preoptic-
hypothalamic border domain (POH), exhibits gene expression patterns that 
match better with the CGE than with those observed in the rostral POA (i.e. lacks 
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Figure 1.8. Developmental origins of neocortical pyramidal cells 
(A)  Schematic  representation  of  cortical  neurogenesis.  Prior  neurogenesis,  NEC  divide 
intensely to expand the pool of  progenitor cells  in the presumptive cortex.  At the onset  of 
neurogenesis, NEC become RGCs and generate excitatory PCs either directly or through the 
specification of mitotically-restricted IPCs. At population levels, RGCs sequentially generate 
waves of PCs of different fates. Such progenies migrate following the basal processes of RGCs 
and organise following an inside-out pattern that correlates with birthdate. (B) Left: Progenitor 
cell diversity in the rodent developing neocortex. Right: Progenitor cell diversity in the primate 
developing  neocortex.  NEC,  neuroepithelial  cell.  RGC,  radial  glia  cell.  IPC,  intermediated 
progenitor  cell.  SPN,  subplate  neuron.  CThPN,  Corticothalamic  projection  neuron.  SCPN, 
subcerebral projection neuron. GC, granular cell. ITPN, intratelencephalic projection neuron. 
aRGC, apical radial glia cell. bRGC, basal radial glia cell. SNP, short neural precursor. CP, 
cortical  plate.  IZ,  intermediate  zone.  SVZ subventricular  zone.  oSVZ,  outer  subventricular 
zone.  iSVZ,  inner  subventricular  zone.  VZ ventricular  zone.  IFL,  inner  fibre  layer.  Figure 
inspired by Greig et al. 2014.
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expression of Nkx2-1). This structure is the main source of neurogliaform cells 
and NPY multipolar INs (Niquille et al., 2018). 
Hence, spatial patterning mechanisms in the embryonic subpallium 
delineate several regions with unique neurogenic properties, whose combined 
action underlies the appearance of cortical IN diversity. Although most of these 
evidences arise from experimental work in the rodent cortex, recent data indicate 
that similar principles underlie IN development in the primate and human brain 
(Hansen et al., 2013; Ma et al., 2013). In the human brain, however, there has 
been reported a remarkable increase in 5HTR3a INs. Consistently, an 
enlargement of of the CGE and an intensification of the mitotic activity in this 
structure has also been observed (Clowry 2015; Arshad et al., 2016).   
3.3 Developmental origins of cortical PC diversity
Cell biology of PC neurogenesis
Before the generation of the first excitatory neurons in the murine cortex, the 
pallial neuroectoderm is populated by a large pool of neural progenitors named 
neuroepithelial cells. These cells are distinguishable by their characteristic 
bipolar morphology, as they extend an apical process that contacts the ventricular 
surface (VS) and a basal process whose extreme is attached to the pia. As 
described for RPCs, the cell bodies of these progenitors undergo interkinetic 
nuclear migration, ultimately dividing at the VS. (Götz and Huttner, 2005; 
Taverna et al., 2014). At early developmental stages, neuroepithelial cells 
undergo several rounds of symmetric divisions, consequently expanding the 
progenitor pool (FIG 1.8A). Later, cortical progenitors lose some of their 
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epithelial features and acquire a glial-like molecular phenotype defined by the 
expression of several genes, such as Pax6 (Götz et al., 1998; Heins et al., 2002), 
and are known as radial glial cells (RGCs). RGCs maintain the characteristic 
bipolar morphology of neuroepithelial cells and also undergo interkinetic nuclear 
movements as they cycle (FIG 1.8A).  Concurrently to this phenotypic transition, 
a change in their mode of division marks the start of the neurogenic process. 
From this point, RGCs divide asymmetrically to generate post-mitotic PCs 
following two alternative routes. In the first route, named direct neurogenesis, 
RGCs divide generating a self-renewing RGC and a post-mitotic neuron. In the 
second route, denominated indirect neurogenesis, RGC divisions generate a self-
renewing RGC and a mitotically-restricted progenitor, named intermediate 
progenitor cell (IPC) (FIG 1.8A) (Miyata, 2004; Noctor et al., 2004). IPCs, also 
known as basal progenitors, lack contacts with the ventricular surface and the 
pia. In addition, these cells quickly downregulate the expression of Pax6 and 
upregulate the expression of the transcription factor Tbr2 as they migrate away 
from the VZ, forming an layer of progenitor cells immediately superficial to the 
VZ named subventricular zone (SVZ) (FIG 1.8A) (Englund et al., 2005; 
Haubensak et al., 2004; Noctor et al., 2004; Pontious et al., 2008). The 
generation of a self-renewing RGC in every round of division allows these cells 
to continue generating cells during embryogenesis. At the end of the neurogenic 
process, some RGCs become gliogenic and generate astrocytes and 
oligodendrocytes. Finally, most cortical progenitors undergo terminal divisions 
to generate postmitotic cells and/or IPCs exclusively, which leads to the 
disappearance of the embryonic population of progenitor cells.  
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Although RGCs are the most abundant progenitor cells in the developing 
cortex, they are not the unique residents of the VZ. Recent studies have identified 
a second type of apical progenitor cell, which is mainly distinguishable by their 
characteristic morphology and their molecular profile. These progenitors are 
known as short neural precursors (SNPs) based on their monopolar morphology, 
with an apical process contacting the ventricular surface and a short basal 
process that does not reach the pial surface (Gal, et al. 2006) (FIG 1.8B). Unlike 
RGCs, SNPs seem to exclusively generate post-mitotic neurons through direct 
neurogenesis. Also, their neuronal output is thought to be smaller than that of 
RGCs (Stancik et al., 2010; Tyler and Haydar, 2013). 
Human and non-human primates, as well as other gyrencephalic species, 
contain many more neurons in superficial layers than lissencephalic animals, a 
feature that has been linked to the acquisition of the gyrencephalic phenotype. 
This seems to be achieved through an intensification of the mitotic activity in the 
SVZ during late neurogenesis, when superficial neurons are typically generated. 
Indeed, the SVZ of gyrencephalic species is enlarged and split into two sub-
layers, the inner SVZ (iSVZ) and the outer SVZ (oSVZ) (Lui et al., 2011; Smart 
et al., 2002; Zecevic et al., 2005). This process is, to some extent, due to the 
existence of an additional type of basal progenitor, named outer radial glia 
(oRGC) or basal radial glia (bRGC) which, together with some multipolar IPCs 
constitute the cellular population of the oSVZ (FIG 1.8B) (Fietz et al., 2010; 
Hansen et al., 2010; Reillo et al., 2010). These cells have a characteristic radial 
morphology and are typically attached to the pia by a long basal process, but lack 
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contact with the VZ. In contrast to their multipolar neighbours, bRGCs undergo 
several rounds of cell division, generating larger cohorts of neurons. Their 
molecular profile seems to be similar but distinguishable from the VZ RGCs 
(Pollen et al., 2015) and their progenies are thought to contribute primarily to the 
population of PCs in the superficial layers. Of note, a small population of bRGCs 
has also been described in the murine cortex, but their contribution to murine 
neurogenesis is considered residual (Wang et al., 2011). 
Cortical neurogenesis begins with the generation of a first cohort of 
excitatory neurons that migrate above the germinal layers and constitute the 
preplate (PP). These cells share their niche with Cajal-Retzius cells, which are 
generated from discrete pallial structures such as the cortical hem (Bielle et al., 
2005). Starting at embryonic stages E11-E12 in the mouse, cortical progenitors 
generate sequential waves of PCs. Neurons generated during this period use the 
basal process of RGCs to migrate radially away from the germinal regions. These 
cells split the PP into the superficial marginal zone (MZ), populated by Cajal-
Retzius cells, and the deep subplate (SP), populated by the earliest cohort of 
excitatory neurons, named subplate cells. Subsequent cohorts of PCs occupy the 
space between these two layers and form the cortical plate (CP), which 
progressively grows with the invasion of new PCs as development proceeds.   
The migratory behaviour of PCs is controlled by a complex code of 
adhesive and diffusive signals (Marin et al., 2010). Most importantly, the 
diffusive signal Reelin secreted by the transient population of Cajal-Retzius cells 
at the marginal zone is known to regulate PC migration (Caviness, 1982; Rice 
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and Curran, 1999). Newly born PCs migrate beyond older neurons to reach the 
most superficial position in the cortical plate, forming radial columns. This mode 
of migration organises PCs following an inside-out pattern that correlates with 
their birthdate, which ultimately underlies the appearance of cortical lamination 
(FIG 1.8A). Consistently, classic birthdating studies in the murine cortex indicate 
that early-born PCs populate deep cortical layers, while late-born PCs 
progressively occupy more superficial positions (Fairén et al., 1986).  
Fate specification of cortical PCs
Different populations of PCs occupy the six neocortical layers. While the laminar 
structure of the mammalian neocortex is established via their inside-out 
migratory pattern, developmental mechanisms underlying the acquisition of 
laminar-specific identity run in parallel to this process. Two main models have 
been proposed to explain the genesis of PC diversity (Marín and Müller, 2014).   
The first model, commonly known as the progressive fate restriction 
model, shares the principles of the temporal patterning mechanisms described 
previously. According to this model, a homogeneous population of cortical 
progenitor cells undergo progressive changes in competence over the course of 
development, generating different neuronal identities during sequential temporal 
windows. Thus, a RGC would first generate deep laminar fates, and subsequently 
progress to generate cell identities destined for more superficial layers. This 
would result in the generation of a radially aligned ontogenic column of cells, 
derived from a common progenitor cell, and containing the entire complement of 
PC types found in the mature cortex. Such clonal column receives the name of 
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“radial unit”, and would be the basis of the homonymous hypothesis. According 
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Figure 1.9. Fate specification of cortical pyramidal cells   
(A)  The  progressive  fate  restriction  model.  RGCs  progress  through  sequential  competence 
windows. During each of these windows, cortical progenitors generate specific cell identities. 
(B)  The multiple fate-restricted progenitors model.  Different RGCs pools,  restricted for the 
generation of specific PC types collectively generate the PC population of the cerebral cortex. 
(C) Post-mitotic refinement of PC identity. Top: Progenitor cells “prime” the nascent neurons 
via the transmission of unbalanced doses of key transcription factors. Bottom: These factors 
interact  through competitive regulatory networks,  leading to  the total  dominance of  certain 
molecular  programmes.  These  programmes  then  trigger  diverse  downstream  molecular 
pathways  that  ultimately  establish  the  identity  of  the  neuron.  Bold  letters  and  letter  sizes 
represent transcription factor doses. RGC, radial glia cell. CThPN, Corticothalamic projection 
neuron.  SCPN,  subcerebral  projection  neuron.  GC,  granular  cell.  ITPN,  intratelencephalic 
projection neuron. 
Introduction
to this theory, the development of the cerebral cortex would depend on multiple 
replicates of this radial unit (FIG 1.9A) (Rakic, 1988).  
Several lines of evidence support this hypothesis. First, as discussed above, 
classic studies using S-phase markers correlate birthdate with laminar fate 
acquisition (Fairén et al., 1986). Second, RGCs isolated in culture are capable of 
reproducing the sequence of neuronal types generated in vivo (Gaspard et al., 
2008; Shen et al., 2006a). Third, both classic and recent fate-mapping 
experiments using a variety of methods to trace the progeny of RGCs at clonal 
resolution, have shown columnar outputs containing multiple cell types, as 
predicted by the model (Eckler et al., 2015; Gao et al., 2014; Guo et al., 2013).  
The most common view regarding the progressive fate restriction model 
proposes that the sequence of competence states encoded in cortical progenitors 
is a consequence of the temporally organised expression of different sets of tTFs, 
as described in Drosophila. In other words, the sequential expression of different 
combinations of genes establishes temporal windows in which cortical 
progenitors are capable to generate specific cell types. Moreover, environmental 
influences have been proposed to regulate the progression of this intrinsic 
molecular clock. Accordingly, progenitor cells from early developmental stages 
are reprogrammed to generate late neuronal fates when transplanted into late 
developmental stages in the ferret cortex (Desai and McConnell, 2000). In 
contrast, heterochronic transplantation of late progenitors into early cortical 
environment seems unable to reprogram these progenitors to generate early 
neuronal fates. Thus, the competence windows encoded in cortical progenitors 
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are thought to get locked as progenitors move to the next state. Hence, progenitor 
cells would progressively lose their capacity to generate earlier neuronal fates as 
neurogenesis proceeds. Although the molecular basis of this “lock” remains 
largely unknown, epigenetic regulation of gene expression has been proposed as 
a possible mechanism. It should be noted, however, that recent work in the 
mouse cortex has challenged some of these conclusions (Oberst et al., 2019). 
Specifically, late progenitor cells transplanted into early cortices seem capable to 
recapitulate their entire developmental program, returning to previous 
competence windows for the generation of early PC fates. Whether the 
discrepancy between the two studies reflects species-specific features or 
technical differences remains to be elucidated.  
A second alternative model, known as the multiple fate-restricted 
progenitors model, has been recently proposed based on intriguing genetic fate-
mapping studies in the mouse cortex. This model proposes the existence of 
several pools of fate-restricted cortical progenitors, specialised in the generation 
of particular cell types, whose joined action would accomplish the generation of 
PC diversity (FIG 1.9B) (Franco and Müller, 2013). In this paradigm, the 
expression of some key genes would establish progenitor cell identity prior 
neurogenesis, locking them to the generation of specific types of PCs (Franco et 
al., 2012; García-Moreno and Molnár, 2015). However, the interpretation of 
these results is not devoid of controversy (Eckler et al., 2015; Gil-Sanz et al., 
2015). In addition, despite the existence of diverse morphotypes of cortical 
progenitors, and their apparently different contribution to cortical neurogenesis, 
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evidence of wide transcriptomic heterogeneity among cortical progenitor cells 
has not been found (Pollen et al., 2015).   
Although the two models of cortical neurogenesis have been the object of 
intense discussion over the past years, they are not necessarily incompatible. 
Scenarios combining the existence of fate-restricted progenitors with others 
undergoing temporal progression are easy to imagine. Since the evidence 
supporting fate-restriction mostly derives from the analysis of progenitor cell 
output at the population level (Franco et al., 2012; García-Moreno and Molnár, 
2015), it is possible that they may actually reflect progenitor fate biases towards 
the generation of certain neuronal identities, rather than an absolute restriction of 
their lineage. For this reason, additional studies characterising RGC output at the 
single progenitor level would be necessary to shed light into this controversial 
topic.  
Progressive refinement of PC identity
It is presently clear that the first stages of PC fate determination take place in 
progenitor cells, but downstream events are also known to occur in postmitotic 
neurons, contributing to the refinement and maintenance of cellular identities. A 
handful of transcription factors are known to regulate these processes in 
postmitotic PCs, some of which are also expressed in cortical progenitor cells 
and have been linked to progenitor fate restriction (Franco et al., 2012). For 
instance, the zinc-finger transcription factor Fezf2 is known to be a master 
regulator of corticofugal projection neuron (CFuPN) identity (Chen et al., 2005; 
Chen et al., 2005; Molyneaux et al., 2005).This gene is expressed at high levels 
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in subcortical projection neurons  (SCPNs) and in lower levels in corticothalamic 
projection neurons (CThPNs). The cortices of Fezf2 null mice exhibit a complete 
absence of layer V SCPNs along with an excessive number of intratelencephalic 
projection neurons (ITPNs) and CThPNs. CThPNs in these brains are however 
severely disorganised and lack the expression of several cell identity markers. 
Thus, although Fezf2 seems to play a prominent role in the establishment of the 
SCPN identity, it is also required for the proper acquisition of the CThPN fate. 
Coup-tf interacting protein two (Ctip2) is a downstream target of Fezf2 that plays 
a central role in the specification of SCPN identity (Arlotta et al., 2005). 
Consistently, putative SCPNs in Ctip2 mutant mice have aberrant projection 
patterns that never reach their presumptive targets. CThPNs express high levels 
of the transcription factor T-box brain protein 1 (Tbr1). This gene seems to act in 
opposition to Fezf2 and Ctip2 for the establishment of CThPN fate (Bedogni et 
al., 2010; Han et al., 2011; McKenna et al., 2011). In the absence of Tbr1, layer 
VI cells adopt SCPN identities. The specification ITPN identity, in turn, requires 
the action of AT-rich sequence binding protein 2 (Satb2), a transcription factor 
expressed in virtually all cortical ITPNs. Satb2 null mice have a severe loss of 
axons crossing the cerebral commissures, and putative ITPNs seem to acquire an 
incomplete SCPN fate (Britanova et al., 2008; Leone et al., 2015). 
The transcription factors described above are initially co-expressed by 
immature PCs, in which they promiscuously interact with each other creating 
negative feedback regulatory loops. These interactions will then drive the 
transition from an early undefined state to a fate-determined state, in which a 
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particular molecular program will dominate over the rest, directing neuronal 
differentiation towards a specific fate (FIG 1.9C) (Greig et al., 2013). Hence, 
cortical progenitors would prime postmitotic neurons via transmission of 
unbalance doses of diverse master regulatory genes, triggering downstream 
regulatory events in postmitotic cells. This would lead to the dominance of a 
particular molecular program in the subsequent competition, and ultimately, 
drive the differentiation of the nascent neuron into a particular fate.  
3.4 Developmental origins of cortical IN diversity
Cortical INs originate from the embryonic subpallium, far from their place of 
residence in the adult brain. This structure also originates cortical 
oligodendrocytes, as well as other neurons and glial cells destined to diverse 
structures, such us the striatum, the globus pallidus or the olfactory bulb. Once 
generated, these cells migrate tangentially form their embryonic sources to reach 
the developing cortex. This migratory behaviour has made the study of their 
developmental history particularly challenging, limiting our understanding of the 
mechanisms underlying the genesis of the diverse IN fates.  
Cell biology of IN neurogenesis
Three main subpallial structures are responsible for the genesis of all cortical 
interneurons: MGE, CGE and preoptic region (POA/POH). As discussed 
previously, progenitor cells in each of these regions are committed to the 
generation of specific classes of INs (FIG 1.10A). In brief, MGE and POA 
produce PV and SST interneurons, while the CGE and POH generate the 
heterogeneous group of 5HT3aR cells.  
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Figure 1.10. Development of cortical interneurons  
(A)  Cortical  interneuron  diversity.  The  different  interneuron  types  that  populate  the  adult 
cerebral  cortex  can  be  grouped in  three  non-overlapping  subclasses  distinguishable  for  the 
expression  of  specific  neurochemical  markers.  These  three  subclasses  also  differ  in  their 
embryonic origin. PV and SST interneurons derive from the MGE and the POA, while 5Htr3a 
are  generated  in  the  CGE  and  the  POH.  (B)  Schematic  representation  of  progenitor  cell 
diversity  in  the  LGE.  Diverse  morphotypes  of  VZ progenitors  have been described in  this 
structure.
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Similarly to the developing cortex, these regions of the subpallium are 
populated by a large number of apical and basal progenitor cells, which reside in 
the VZ and SVZ, respectively. Unlike the homologous process in the pallial 
territories, however, the division patterns and lineage progression dynamics of 
cortical IN progenitor cells remain largely unknown. Intriguingly, it has been 
reported that VZ progenitors in the LGE and MGE divide inside this germinal 
layer, away from the ventricular surface, in sharp contrast to the apical progenitor 
cells of the developing pallium (Pilz et al., 2013). Since the location of mitosis is 
one of the main criteria for the classification of progenitor cells in the CNS 
(Taverna et al., 2014), this finding has led to the classification of these subpallial 
progenitor cells as an additional population of sub-apical progenitors, which are 
absent in the cerebral cortex. In addition, recent time-lapse imaging analysis of 
LGE progenitors have revealed the existence of a wide diversity of progenitor 
morphologies (FIG 1.10B), whose division patterns lead to an extraordinary 
complex and ramified lineage development. In brief, LGE lineages emerge from 
apical progenitors in the VZ and seem to progress through the generation of 
several rounds of sub-apical and basal progenitors, prior to the final generation 
of postmitotic INs (Pilz et al., 2013). It is conceivable that the complex 
neurogenic behaviour of LGE progenitor cells responds to the spatial constrains 
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(C) Tangential migration of cortical interneurons in the developing mammalian brain. Diverse 
attractive  and  repulsive  signals  guide  the  migration  of  interneurons  to  the  cerebral  cortex, 
avoiding the  invasion of  other  structures,  like  the  striatum.  Once they reached the  cortical 
territory, other signals confine their migration in two main streams, the MZ and the SVZ. LGE, 
lateral  ganglionic  eminence.  MGE,  medial  ganglionic  eminence.  CGE,  caudal  ganglionic 
eminence. POA, preoptic area. POH, preoptic-hipothalamic border domain. CP, cortical plate. 
IZ,  intermediate  zone.  SVZ subventricular  zone.  VZ ventricular  zone.  NCx, neocortex.  Str, 
striatum. Figure inspired by Lim et al. 2018.
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in this structure. Since the area contacting the ventricular space in the LGE is 
significantly smaller than it is in the pallium, an enhancement in sub-apical and 
basal mitotic activity may compensate this limitation. According to this 
hypothesis, similar division patterns should be expected to take place in the 
MGE. Unfortunately, the dynamics of progenitor cell divisions in this region 
have not yet been described in detail.  
Cortical INs arising from the embryonic subpallium migrate tangentially 
across the subpallial mantle zone to reach the cerebral cortex. During this 
journey, they make use of diverse signalling mechanisms that allow them to 
move towards the developing cortex avoiding the invasion of other structures 
such as the nascent striatum (FIG 1.10C). Such signalling mechanisms include 
attractive cues produced by the developing cortex, such as neuregulin 1 (Nrg1), 
as well as repulsive cues expressed in the presumptive striatum, such as class III 
semaphorins (for a review in this matter see Marín and Rubenstein, 2001). Once 
they reach the cortical territory, migrating INs confine their movement to two 
main migratory routes, a superficial route through the marginal zone and a 
deeper route via the pallial SVZ (Fig 1.10C) (Lavdas et al., 1999). A smaller 
fraction of cortical INs migrate tangentially through the subplate. Following 
these routes, INs continue their tangential migration, dispersing across the 
developing cerebral cortex. After reaching their target regions, INs switch their 
migratory behaviour to invade radially the cortical plate.  
Several lines of evidence suggest that cortical INs interact with local PCs 
for their final laminar allocation and integration into nascent circuits. First, INs 
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only begin the invasion of the cortical plate once PCs are in place. Second, 
disruption of PC lamination leads to aberrant laminar distribution of cortical INs 
(Pla et al., 2006). Finally, PCs in ectopic positions below the cortical plate are 
able to recruit migrating INs (Lodato et al., 2011). The type-specific laminar 
distribution of cortical INs indicates that interactions with local PCs may work in 
combination with IN intrinsic programmes to orchestrate the precise laminar 
allocation of these cells.  
Fate specification of cortical INs
Although the origin of the different cardinal classes of cortical INs is spatially 
segregated, a wide diversity of IN subclasses and types arises from each major 
subpallial division: MGE and POA generate several types of PV and SST cells, 
whereas 5HTaR INs originated from the CGE and POH constitute a highly 
heterogeneous group of INs. This fact stresses the necessity of additional 
mechanisms for the specification of the precise identity of cortical INs, which 
likely involve further spatial patterning within the subpallial structures that give 
rise to cortical INs, as well as temporal patterning and lineage specification.  
Multiple evidences support the spatial segregation of progenitor cells 
inside the MGE, CGE and preoptic region. Several transcription factors are 
expressed in heterogeneous patterns within the MGE, delineating up to five 
different spatial domains along its dorsoventral axis (FIG 1.11A) (Flames et al., 
2007). For instance, the transcription factors Nkx6-2 and Er81 are expressed in 
opposite dorsoventral gradients within the MGE. The expression of these genes 
thus defines two spatial domains at the extremes of the dorsoventral axis, which 
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generate unbalanced fractions of IN classes. The dorsal, Nkx6-2 expressing 
domain generates mostly SST cells, while the ventral Er81 domain preferentially 
generates PV INs (Fogarty et al., 2007; He et al., 2016). Transplantation of dorsal 
and ventral pieces of MGE donor tissue into the cortex or MGE of host animals 
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Figure 1.11. Fate specification of cortical interneurons
(A) Spatial bias in the origin of cortical interneuron fates. Differential gene expression patterns 
delineate spatial domains inside the MGE and the POA. These differences in gene expression 
correlate with the preferential generation of SST or PV subclasses in different regions of the 
MGE. Hence, dorsal  MGE generates dominant numbers of SST interneurons,  while ventral 
seems bias towards the generation of PV cells. (B) Temporal bias in the origin of interneuron 
fates. SST interneurons are primarily generated during early embryonic stages, while PV cells 
are born at constant ratios during the entire neurogenic period. (C) Two consecutive waves of 
MGE progenitor cells generate cortical interneurons. Early progenitor cells are responsible of 
the  generation of  deep layer  interneurons,  while  a  later  wave of  progenitor  cells  generates 
interneurons destined to superficial cortical layers. (D) Two different pools of progenitor cells 
generate different interneuron identities. A first type of progenitor cell preferentially generates 
PV interneurons through indirect neurogenesis, while a second type primarily generates SST 
interneurons  through  direct  neurogenesis.  Adapted  from  Petros  et  al  2015.  MGE.  Medial 
ganglionic eminence. POA, preoptic area. Figure inspired by Flames et al. 2007.
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recapitulates this pattern, further supporting the existence of a spatial bias for the 
origin of PV and SST INs. Importantly, experiments returning cells into host 
MGEs are not expected to reliably introduce these cells in the specific sub-
regions from where they were originally obtained. This will lead to the exposure 
of the transplanted cells to a different local environment after transplantation. 
Thus, these data implies that the developmental programmes responsible for the 
preferential generation of IN classes are intrinsically encoded, and unable to be 
reprogrammed in response to environmental influences (Flames et al., 2007; 
Wonders et al., 2008).  
Heterogeneous gene expression patterns in the rostrocaudal axis have also 
been linked to the generation of different IN fates. For instance, Couptf1 and 
Couptf2 are expressed in the most caudal region of the MGE, which has been 
reported to generate dominant fractions of SST INs. Similar spatial biases have 
also been reported in the CGE. A study from the Muramaki group described 
striking differences in the IN fates derived from indiscriminately targeting of 
CGE ventricular wall via in utero electroporation (Torigoe et al., 2016), 
suggesting that different IN populations derive from different regions of this 
structure. In sum, although subpallial progenitor pools do not seem to segregate 
as sharply as in other neuronal epithelia such as in the spinal cord, it seems clear 
that the different embryonic sources of cortical INs are further regionalised into 
smaller regions, which follow specific neurogenic programmes.  
Temporal patterning mechanisms also seem to be integral in IN 
development. Although a temporal progression of IN progenitors across several 
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competence windows, as proposed for cortical progenitors, has not yet been 
described, several pieces of evidence support the existence of temporal biases in 
the generation of specific IN fates. SST cells are known to be produced in larger 
numbers during early embryonic stages, while PV INs are generated at constant 
rates throughout the neurogenic period (Inan et al., 2012; Miyoshi et al., 2007) 
(FIG 1.11B). In addition to the specification of these two cardinal classes, 
chandelier cells are an excellent example of temporal restriction in the origin of 
specific IN types. These cells are known to be generated during a specific time 
window in late development (Taniguchi et al., 2013). Finally, as described for 
PCs, INs are also generated in an inside-out pattern that largely correlates with 
their birthdate (Pla et al., 2006; Rymar and Sadikot, 2007; Valcanis and Tan, 
2003). This is consistent with the gradient of generation of SST and PV cells, 
since SST INs are more abundant in deep cortical layers, while PV INs seem to 
adopt a homogeneous laminar distribution.  
In conclusion, although the precise mechanisms underlying the origin of 
the diverse IN fates remain unclear, current evidence support the existence of 
both spatial and temporal patterning mechanisms interacting in subpallial 
progenitors for the specification of precise IN types, mirroring the development 
of PCs in the developing cortex.  
Detailed analysis of MGE/POA progenitor outputs revealed that INs 
derived from individual progenitor cells seem to share common features, 
suggesting possible roles of lineage relationships in the development of these 
cells. Consistent with a progressive restriction model of neurogenesis, recent 
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retrovirus-mediated lineage tracing data revealed that single MGE/POA 
progenitors generate multiple IN types, often including cells belonging to both 
PV and SST classes (Brown et al., 2011; Ciceri et al., 2013; Harwell et al., 2015; 
Mayer et al., 2015). However, superficial and deep layer INs seem to originate 
from independent lineages, reflecting a certain degree of lineage restriction in 
MGE progenitors (FIG 1.11C) (Ciceri et al., 2013). These findings are also 
supported by the discovery of heterogeneous patterns of gene expression among 
MGE progenitors (Mi et al., 2018).  
Further evidences regarding fate-tuning in MGE progenitors arise from 
fate-mapping experiments mapping the progenies of specific progenitor 
populations. For example, Petros and colleagues proposed that a population of 
SNP-like cells in the MGE generate progenies enriched in SST INs, while RGC-
like progenitors preferentially generate PV cells (Petros et al., 2015) (FIG 
1.11D). Since SNPs are thought to generate neurons through direct neurogenesis, 
while RGCs seem to generate postmitotic neurons mostly through IPCs, the 
genesis of SST and PV fates has also been causally linked to these modes of 
division. Consistent with this idea, cyclin D1 KO mutants, which show reduced 
mitotic activity at the SVZ (Glickstein et al., 2009), present a severe loss of PV 
INs (Glickstein et al., 2007).  
The appearance of these putatively different progenitor pools, and their 
distinguishable neurogenic activities, remain a matter of intense research. Such 
processes could be nested into a general temporal progression, with some 
lineages ramified into different branches, set for the generation of specific groups 
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of cells (i.e., different laminar fates). Also, some temporal windows could be 
enriched in the generation of IPCs over others in which direct neurogenesis 
dominates, linking these modes of division with the generation of specific fates. 
Alternatively, this segregation could occur as a consequence of interactions 
between different progenitor cells through mechanisms involving Notch 
signalling, representing a novel source of diversity in the developing subpallium. 
At any rate, despite decades of study, our current understanding of the 
developmental mechanisms underlying IN diversification remains remarkably 
immature, and only a orchestrated research effort, involving diverse approaches 
and disciplines, will help to clarify our vision.  
Progressive refinement of IN identity
Despite the multiple lines of evidence regarding fate specification occurring prior 
to IN birth, it should be highlighted that cortical INs only acquire their distinctive 
features once they have completed their migration and have settled in the cortex. 
This has led to the idea that cortical INs may be specified into cardinal 
subclasses at birth, but remain plastic to differentiate into specific identities 
progressively, as they become exposed to the cortical environment and interact 
with nascent circuits (Kepecs and Fishell, 2014; Wamsley and Fishell, 2017). 
Consistently, recent single-cell RNA-seq data identified genetic signatures 
linking nascent INs to cardinal subclasses, but lacking the specificity of cell 
types (Mayer et al., 2018). In sharp contrast, a contemporaneous study reported 
deeper transcriptional heterogeneity among cortical INs within hours of their 
generation (Mi et al., 2018). These authors reported the existence of early 
molecular signatures in nascent interneurons that seem to correlate with those 
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observed in adult IN types, suggesting that cortical INs may be directed towards 
differentiation into specific types from the moment they are generated. In line 
with this view, different IN types seem to be tuned to preferentially transit 
through different migratory streams when they invade the cortex. This is the case 
for different types of SST INs: Martinotti cells seem to migrate through the 
marginal zone route more frequently than non-Martinotti cells (Lim et al., 
2018b). Importantly, the experimental reduction of the number of cells migrating 
through the marginal zone does not impact the normal ratio of Martinotti/non-
Martinotti cells in the adult cortex, suggesting that early fate determination is the 
cause, rather than the consequence, of their migratory choice.  
Exposure to the cortical environment is, however, undoubtedly required for 
the appropriate maturation of cortical INs. For example, neurogliaform cells 
require activation via interaction with thalamic afferents to acquire their mature 
properties (De Marco García et al., 2012; 2011). In addition, local PC activity 
has been shown to be important for the survival of immature INs (Wong et al., 
2018). This seems to constitute a critical mechanism for the selection of those 
INs that have properly integrated into functional circuits. Finally, despite cell fate 
is commonly considered as an invariant feature, INs of a particular type often 
exhibit variations in some of their cellular attributes considered as ‘states’ within 
a given type. Some of these states have been linked to neuronal activity, 
reflecting adaptive changes in response to network states (Dehorter et al., 2015; 
2017). Thus, it is not surprising that single-cell RNA-seq studies report a 
continuum of gene expression variations among some cortical IN types (Harris et 
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al., 2019; Tasic et al., 2018). These findings suggest that the diverse IN types 
generated during development are indeed flexible and adaptable to tune cortical 
function, and therefore their role in cortical computation goes far beyond their 
classification into particular categories.   
4. Thesis Aims
We have discussed how the interaction of spatial and temporal patterning 
mechanisms accounts for the generation of neuronal diversity in different neural 
systems. In the cerebral cortex, these mechanisms reach a high degree of 
complexity, underlying the assembly of one of the most intricate and diverse 
cellular machineries in nature.  In order to achieve a detailed understanding of 
these developmental mechanisms, three central aims are pursued in this thesis: 
1. To achieve a detailed understanding of the developmental mechanisms 
underlying the appearance of the different types of neocortical PCs, and 
how these mechanisms lead to the precise building of the diverse regional 
cytoarchitectures that define cortical areas.  
2. To understand the cellular principles of cortical IN generation in the 
embryonic subpallium.  
3. To develop and validate an experimental strategy to map IN lineages 
derived from individual progenitor cells from development to adult life.  
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The following transgenic mouse lines were used in this study: Nex-Cre 
(Neurod6tm1(cre)Kan) (Schwab et al., 2000), Emx1-CreERT2  (B6.CBA-
Tg(Emx1-cre/ERT2)1Kess/SshiJ), Tbr2-CreERT2 (C57BL/6J; 129S-
Eomestm1.1(cre/ERT2)Sjar) (Pimeisl et al., 2013), Nkx2.1- CreERT2 
(Nkx2-1tm1.1(cre/ERT2)Zjh) (Taniguchi et al., 2011) , Ai9(B6.Gt(ROSA)26Sortm9(CAG-
tdTomato)Hze) (Madisen et al., 2009), RCE (Gt(ROSA)26Sortm1.1(CAG-EGFP)Fsh) 
(Sousa et al., 2009), MADM-TG (Gt(ROSA)26Sortm4(ACTB-tdTomato,-
E G F P ) L u o ) ( H i p p e n m e y e r e t a l . , 2 0 1 0 ) , M A D M - G T 
(Gt(ROSA)26Sortm4(ACTB-EGFP,-tdTomato)Luo) (Hippenmeyer et al., 2010) 
and CAG-Fucci (Gt(ROSA)26Stortm1 (CAG-Venus/GMNN,-Cherry/CDT1)Jnk) 
(Mort et al., 2014). All adult mice were housed in groups and kept on reverse 
light/dark cycle (12/12h) regardless of genotypes. Only time-mated pregnant 
female mice that have undergone in utero surgeries were house individually. 
Both male and female mice were used in all experiments. In utero experiments 
were performed at different developmental stages that range from E9.5 to E14.5. 
For histological analyses, mouse ages range from E12.5 to P30. All procedures 
were approved by King's College London and IST Austria, and were performed 
under UK Home Office project licenses, and in accordance to the Austrian 
Federal Ministry of Science and Research license, and European regulations (EU 
directive 86/609, EU decree 2001-486). The day of vaginal plug was considered 
as embryonic day (E) 0.5 and the day of birth as postnatal day (P) 0. 
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Generation of c-Binbow and n-Binbow mouse strains
The construction of Binbow cassettes recapitulated the structure of the original 
cassettes used for the generation of Brainbow mice (Livet et al., 2007), modified 
by introducing an additional reporter protein and adding homology arms to target 
the construct specifically into Rosa26 locus. Recombination of the resulting 
conditional allele would lead to the random expression of one of the four reporter 
proteins in each individual cell expressing Cre, so we named this allele binary 
brainbow (Binbow). We generated two Binbow versions, one in which all 
reported proteins are cytosolic (cBinbow), and another one in which the reporter 
proteins have a sequence that retain them in the nucleus (nBinbow). Both vectors 
were constructed using a combination of Gibson assembly and standard cloning 
methods. Targeting vectors were introduced into murine C57BL/6 ES cells via 
electroporation, and validation of positive clones was performed by PCR and 
Southern blotting. ES cells were introduced into recipient blastocysts that were 
transferred into pseudo-pregnant females to obtain recombinant chimeras. 
Heterozygous F1 mice were genotyped by PCR and Southern blotting. 
Homologous recombination in ES cells and the subsequent generation of F1 
mice was subcontracted to GenOway under my direct supervision.  
Generation of retroviral vectors
Retroviral stocks encoding mCherry and EGFP (Ciceri et al., 2013) were 
produced as previously described (Tashiro et al. 2006). In brief, Moloney murine 
leukemia viruses (MoMLV) were produced by transfecting HEK293FT cells 
with retroviral plasmids (Rv::mCherry/EGFP, pCMV-Vsvg, and pCMV-GAG-
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pol) using lipofectamine 2000. Forty-eight hours post transfection the 
supernatant was collected, concentrated and purified by two sequential rounds of 
ultracentrifugation. The viral pellet was re-suspended in sterile PBS and stored in 
aliquots at -80°C. Retroviral vectors used in this study were made by Gabriele 
Ciceri.  
In utero infection and electroporation
Pregnant females were deeply anaesthetised with isofluorane and the abdominal 
cavity was incised to expose the uterus. For in utero infection, retroviruses were 
injected at low-titer into the telencephalic ventricles of mouse embryos. For in 
utero electroporation, 1µg/µl plasmid solution was injected into the telencephalic 
ventricles. Square electric pulses of 45V and 50ms were applied five times 
spaced 950ms, using a square pulse electroporator (Nepa21 Super electroporator, 
Nepagene). For FlashTag injections, a 10 mM solution of Cell Trace CFSE 
(Thermo Fisher, cat. no. C34554) dissolved in DMSO was injected into the 
telencephalic ventricles of E12.5 embryos. Following the procedure, the uterine 
horns were placed back in the abdominal cavity and the wound was surgically 
sutured. The female was then placed in a 32°C recovering chamber for 30 mins 
post-surgery before returning to standard housing conditions. 
Inducible genetic labelling
For short-term fate mapping experiments in the MGE, Nkx2.1-Cre ERT2, Ai9 
pregnant females were injected with a single peritoneal injection of 5mg/kg 
tamoxifen dissolved in corn oil at E11.5. For clonal labelling, Emx1-CreERT2, 
RCE and Tbr2-CreERT2, RCE pregnant females received a single intraperitoneal 
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injection of low dose (1 ng/kg) tamoxifen dissolved in corn oil at E12.5. MADM 
clones were generated as described previously (Beattie et al., 2017; Hippenmeyer 
et al., 2010). In brief, timed pregnant females were injected intraperitoneally 
with tamoxifen dissolved in corn oil at E12.5 at a dose of 2-3 mg/pregnant dam. 
Live embryos were dissected at E13.5-E14.5, or recovered at E18–E19 through 
caesarean section, fostered, and raised for further analysis at P21. 
Histology
Postnatal mice were perfused transcardially with 4% paraformaldehyde (PFA) in 
PBS and the dissected brains were fixed for 2h at 4°C in the same solution. 
Embryonic brains were dissected and fixed via overnight immersion in 4% PFA. 
Brains were serially sectioned at 60-100 µm on a vibratome (VT1000S, Leica) or 
on a freezing microtome (SM 2010R, Leica) and free-floating coronal sections 
were subsequently processed for immunohistochemistry as previously described 
(Pla et al., 2006). 1h incubation in 0.01M citrate buffer +10% glycerol at 70oC 
was used for antigen retrieval when required.  
The following primary and secondary antibodies were used: chicken anti-
GFP (1:2000 Aves lab cat. no. GFP-1020), rabbit anti-DsRed (1:500 Clonetech 
cat. no. 632496), goat anti-mCherry (1:500 Antibodies-Online cat. no. 
ABIN1440057), rat anti-RFP (1:500; ChromoTek cat. no. 5f8-100), rabbit anti-
PhiYFP (1:500, Ervogen cat. no. AB604), ginea pig anti-TagRFP (1:1000, 
KeraFAST cat. no. EMU108), mouse IGG2a anti-β-Galactosidase (1:500 
Pormega cat. no. Z3781), mouse anti-Cre (1:500, Millipore cat. no. MAB3120), 
rat anti-Ctip2 (1:500 Abcam cat. no. Ab18465), mouse anti-Sabt2 (1:500Abcam 
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cat. no. Ab51502), rabbit anti-Sabt2 (1:1000 Abcam cat. no. Ab34735), goat anti-
Tle4 (1:200 gift from Stefano Stifani), rabbit anti-Ki67 (1:500 Abcam cat. no. 
Ab113076), mouse anti-Tuj1 (1:500 Covance cat. no MMS-435P), rabbit anti-
phospho-histone H3 (1:500 Sigma-Aldrich cat.no. 06-570), rat anti-BrdU (1:500 
Abcam cat. no. ab6326), anti-chicken IgY (H+L) 488 (1:400 Molecular Probes 
cat. no. A-11039), anti-mouse IgG1 647 (1:400 Molecular Probes cat. no. 
A-21240), anti-mouse IgG (H+L) biotinylated (1:400 Vector laboratories cat. no. 
BA-2000), anti-rabbit IgG (H+L) biotinylated (1:400 Vector labs cat. no. 
BA-1000), anti-rat IgG (H+L) 555 (1:400 Molecular Probes A-21434), anti-goat 
IgG (H+L) 555 (1:400 Molecular Probes cat. no. A-21432), anti-rabbit IgG 
(H+L) 488 (1:400 Molecular Probes cat. no. A-21206), anti-rabbit IgG (H+L) 
555 (Molecular Probes cat. no. A-31572), anti-ginea pig IgG (H+L) biotinylated 
(Jackson cat. no. 706-065-148), streptavidin 647 (Jackson, cat. no. 016-600-084), 
and streptavidin Dyligth 405 (Jackson, cat. no. 016-470-084).  
Cell culture and in vitro tests
COS7 cells were maintained in DMEM (Dulbecco’s modified Eagle’s medium, 
GIBCO) medium supplemented with 10% Fetal bovine serum (FBS, GIBCO), 
1% Glutamax (GIBCO) and 1% Penicilin/Streptomicin (GIBCO) at 37oC, 5% 
CO2. The day before transfection, 2.5x105 cells were plated onto 12 mm 
autoclaved glass coverslips using multi-well plates. Cells were transfected with 
1µg of the indicated plasmid using lipofectamine 2000 transfection reagent 
(Invitrogen) and incubated with DNA-lipid complex in Opti-MEM medium. In 
the case of co-transfection with two different plasmids, cells were transfected 
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with 1µg of each plasmid. Five hours after transfection, the cell medium was 
replaced with the supplemented DMEM described above and cells were 
incubated for 48-72h. Cell cultures were fixed with a solution containing 4% 
paraformaldehyde (PFA) and 4% Sucrose in supplemented DMEM, for 20 
minutes. Cells were labelled with standard immunocytochemistry methods and 
mounted in glass slides using Mowiol-Dabko (Sigma) solution.  
Alternative recombination in vitro test
cBinbow circular vectors were recombined in vitro using Cre recombinase 
protein (New England Biolabs, cat. no. M0298). Recombinant clones were 
transfected into XL-Blue competent cells to obtain isolated clones. Plasmid DNA 
was purified from 106 individual bacterial clones, and resulting plasmids were 
classified into one of the four alternative configurations obtainable by Cre 
recombination based on enzymatic restriction analysis.  
Imaging
Images were acquired using fluorescence microscopes (DM5000B, CTR5000 
and DMIRB from Leica or Apotome.2 from Zeiss) coupled to digital cameras 
(DC500 or DFC350FX, Leica; OrcaR2, Hamamatsu) with the appropriate 
emission filter sets, or in inverted confocal microscopes (Leica TCS SP8 and 
Zeiss LSM800 Airyscan). 
In silico modelling of cortical development
All modelling of progenitor behaviour was performed using Matlab 
(Mathworks). 
 85
Kings College London    Generation of neuronal diversity in the mammalian cerebral cortex
Materials & Methods
To avoid overfitting variability that could correspond to differences in progenitor 
behaviour across cortical areas, simulations were compared to the lineages 
observed in somatosensory cortex (SSCx), using our Emx1-CreERT2 ; RCE 
experimental dataset.  
The structural similarity of model results to experimental data was assessed 
based on three parameters: proportion of cells per layer, clonal size distribution 
and Spearman correlation (r) values for number of cells in upper versus lower 
layers. For each parameter, we computed a normalised z-score measure by taking 
the difference between the experimental value and the average value across 
simulation repeats, and then dividing it by the standard deviation across 
simulation repeats. Thus, z-score values over 1 would reflect a distance between 
experimental and modelled data larger than the standard deviation between 
simulation repeats.  
To generate randomly permuted cortical lineages, neurons observed in our 
Emx1-CreERT2 ; RCE experimental dataset were permuted among lineages while 
maintaining their laminar identities. This operation was repeated 1000 times, 
providing average and standard deviation values that were then used to compare 
with the experimental dataset. 
Probabilistic models 1 and 2 simulated 100 progenitors undergoing cell 
generation sequentially, following the in vivo inside-out pattern. In each layer, in 
silico progenitors took a number of stochastic decisions for neuron generation; at 
each decision, a new neuron could be generated, or alternatively, the chance 
could be skipped without neuron generation. Sequential generation of neurons 
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thus used the following parameters. Number of opportunities per layer was set 
randomly and could vary between a minimum of one and a maximum equal to 
the maximum number of cells found for that layer in any single experimental 
lineage across our three experimental datasets. This parameter establishes the 
number of stochastic decisions available to the progenitor and reflects the size of 
the temporal “window” within which a progenitor can generate neurons for a 
given layer. Probability of cell generation, also layer-specific, gave the likelihood 
that a neuron is actually generated at each decision point. Simulations were 
repeated 100 times. Lineages smaller than three cells or larger than 12 cells were 
discarded from analysis. 
For each model, the set of laminar division probabilities was adjusted to fit 
the experimental data regarding clonal size and laminar fractions of cells. Model 
1 used a unique progenitor, i.e. a single set of laminar division probabilities. 
Model 2 incorporated an additional population and was fit by varying both the 
relative size of the two populations and the values of their division probabilities, 
including how probabilities varied across layers.  
Bayesian inference of progenitor types
To perform statistical inference on the number of categories required to explain 
the distribution of lineages throughout cortical layers, we employed a statistical 
model where N observed lineages are grouped in K progenitor types. Each type t 
= 1, …, K is associated to a vector of four probabilities pt = {pt(II/III), pt(IV), pt(V), 
pt(VI)} representing the probabilities of any progenitor in the class to generate 
neurons in each of the four layers. We assume that each observed lineage can be 
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assigned to a unique progenitor type based on its occupancy distribution. 
Progenitor types are associated with frequencies ft, reflecting how likely a 
lineage is to belong to type t. The occupancy probabilities and the relative 
frequencies for each type as well as the number of types K required can be 
obtained using Bayesian inference according to the Bayes’ theorem 
 
where S is the count matrix whose elements Sij indicates how many neurons in 
lineage i belong to layer j. Bayes’ theorem provides the posterior distribution of 
the model parameters p and f as well as the type assigned to each lineage 
conditional to the observations.  
Our Bayesian model can be viewed as the following two-step generative 
process: 
1. Each lineage i is assigned to a progenitor type ti drawn independently 
from a categorical distribution with frequencies f. 
2. The occupancy vector Sij of each lineage i at each layer j is drawn from a 
binomial distribution where Nmax=20 is the maximum 
number of cells that can occupy each layer. 
The likelihood of a given lineage assignment and count matrix can be 
written as  
P(t1:N, p1:K, f1:K S) =
likelihood
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, 
where we introduced the binary variable to denote whether the matrix 
element  is included in the likelihood (in which case ) or not ( ). 
In particular, the selection variable  for each lineage was set in such a way to 
exclude for each lineage the most superficial empty layers not followed by an 
occupied layer. The corresponding zero counts in the matrix S might be spurious 
due to external processes stopping the lineage at early stages. 
To perform Bayesian inference, we used Dirichlet priors on the relative 
frequencies and Beta distributions as priors on the occupancy probabilities p1,…,K. 
To draw samples of model parameters and progenitor types from the posterior 
distribution we implemented a Gibbs sampler (custom code written in C++, 
available upon request) which combines data likelihood and prior distributions to 
explore the parameter space efficiently. In order to draw statistical samples of the 
number of classes K we employed the Dirichlet process prior technique which 
allows us to remove existing classes or introduce new ones when assigning 
lineages to classes within the Gibbs sampler.   
Quantification and statistical analysis
Quantification of cell distribution and clonal spatial 
configuration
In all the experiments, brain sections were sequentially analysed in rostral-to-
caudal order. Pyramidal cell clones throughout the entire neocortex were 










[pSijti (1 − pNmax−Sijti )]
σij
σij
Sij σij = 1 σij = 0
σij
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identified as sparse, spatially separated cell clusters. The boundaries between 
cortical layers were traced based on nuclear (DAPI) staining and the laminar 
position of each cell was recorded accordingly. Pyramidal cell clones were 
classified as translaminar, infragranular and supragranular clones according to 
the laminar position of the neurons belonging to each clone. Cortical areas were 
identified based on the reference atlas of adult mouse brain (Allen Brain Atlas; 
http://www.brain-map.org).  In Emx1CreER;MADM experiments, lineages derived 
from symmetric divisions (defined as lineages with three or more cells 
expressing each reporter) were excluded. In the Emx1CreER;RCE experiments, 
lineages derived from symmetric divisions (defined as lineages containing more 
than twelve neurons) were excluded., Lineages containing one or two cells were 
also excluded in the Emx1CreER ;MADM and Emx1CreER;RCE experiments. In the 
Nkx2.1CreER;MADM experiments, MGE lineages were mapped across the entire 
structure, and segregated based in colour code and spatial relationships. Cells 
were classified as polar progenitors, postmitotic neurons, and multipolar cells 
regarding morphology.  
Classification of pyramidal cell subtypes
Brain sections were stained for markers of cortical projection neuron identity and 
classified based on the relative expression of the transcription factors Ctip2 and 
Satb2 in four main subtypes: Cortico-cortical (CCPN), Sub-cerebral (SCPN), 
CorticoThalamic (CthPN) and Heterogeneous (HPN) Projection neurons. This 
last type was defined as layer V cells expressing both Ctip2 and Satb2 markers, 
which have been recently described as a separate PC identity (Harb et al., 2016). 
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Images were captured using a confocal microscope and analysed using a custom 
algorithm written in Matlab (Mathworks). In brief, cell nuclei were segmented 
using the disk morphological function based on size and thresholds of 
fluorescence intensity over background. Cells were categorised as expressing 
high or low levels of the transcription factors Ctip2 and Satb2 and further 
subclassified as CCPN (Ctip2Low / Satb2High), SCPN (Ctip2High / Satb2Low) or 
HPN (Ctip2High / Satb2High), based on the combination of marker expression. To 
distinguish between CThPN from CCPN in layer VI we used the following 
criteria: CCPN (Ctip2Low / Satb2High OR Ctip2Low / Satb2Low) or CThPN 
(Ctip2High / Satb2Low). This allowed for the subclassification of layer V and layer 
VI cells based on the same set of markers. We verified these criteria by staining 
brain sections for the transcription factor Tle4 (Figure S6), a well-established 
specific marker of cortical CThPN identity (Molyneaux et al. 2015). Layer VI 
cells expressing high levels of both transcription factors were not classified, and 
lineages containing such cells were excluded from our quantification.  
Quantification of relative laminar ratios of pyramidal cells
To quantify the relative densities of PCs in different cortical layers, NexCre mice 
were crossed with Fucci2a reporter mice (Mort et al., 2014). The density of 
labelled red nuclei in each cortical layer was quantified from 5 representative 
serial sections of the somatosensory and visual cortex. Z-stacks were then 3d 
reconstructed and quantified using Imaris 8.1.2 (Bitplane). A total of three 
animals were analysed, and each animal was considered a biological replicate.  
Morphological classification of MGE progenitor cells
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Embryonic brain slices were stained with specific antibodies (Ki67 and Tuj1) to 
delineate germinal zones (VZ, SVZ, MZ) and distinguish Ki67+ progenitor cells 
from Tuj1+ postmitotic neurons. Ki67 expressing progenitor cells present in the 
VZ and SVZ were then classified into different morphotypes on the basis of the 
presence or absence of apical and basal processes. Colocalisation of Ki67 and 
tdTomato fluorescent signals was measured via manual segmentation using 
commercial software (ImageJ). Three animals were analysed, and each animal 
was considered a biological replicate. 
Histological analysis
Detection of specific markers and reporter genes was achieved via 
immunostaining. Quantifications of positive objects was performed via 
segmentation and colocalisation functions following semi-automatic approaches 
using custom-written software in MATLAB (Mathworks) or manually using 
commercially available software (ImageJ). Each animal was considered a 
biological replicate. When needed, regions of interest (ROI) were established 
based on the expression of specific markers or using cellular densities based on 
nuclear (DAPI) staining.  
In vitro analysis
Quantification and colocalisation of positive objects in in vitro experiments was 
performed as described for histological analysis. For each condition, ten random 
fields were imaged for each one of three independent cultures, that were 
considered as biological replicates.  
Statistical tests
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Error bars in all graphs indicate standard deviation (std) unless is otherwise 
stated in the legends. Comparisons of distributions over fractions of a total (as in 
Fig 6 E, F and Figure S5 C-E) were analysed using Fisher’s exact test or Chi-
square test. Comparisons of average measurements were analysed using t-
Student test or ANOVA when parametric methods were applicable, and using U-
Man Withney test or Kolmogorov-Smirnoff test when data distribution deviated 
from normality. All statistical tests applied in our analysis are specified in the 
figure legends.   
Data and software availability 
Custom-written MATLAB (Mathworks, USA) codes used for quantification are 
available upon request. 
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A stochastic framework of neurogenesis 




The cerebral cortex contains multiple areas with distinctive cytoarchitectonic 
patterns, but the cellular mechanisms underlying the emergence of this diversity 
remain unclear. Here, we have investigated the neuronal output of individual 
progenitor cells in the developing mouse neocortex using a combination of 
methods that together circumvent the biases and limitations of individual 
approaches. Our experimental results indicate that progenitor cells generate 
pyramidal cell lineages with a wide range of sizes and laminar configurations. 
Mathematical modelling indicates that these outcomes are compatible with a 
stochastic model of cortical neurogenesis in which progenitor cells undergo a 
series of probabilistic decisions that lead to the specification of very 
heterogeneous progenies. Our findings support a novel mechanism for cortical 
neurogenesis whose flexibility makes it capable to generate the diverse 
cytoarchitectures that characterise distinct neocortical areas. 
1. INTRODUCTION
The mammalian cerebral cortex contains a wide diversity of neuronal types 
heterogeneously distributed across layers and regions. The most abundant class 
of neurons in the cerebral cortex are excitatory projection neurons, also known as 
pyramidal cells. In the neocortex, PCs can be further classified into several 
subclasses with unique laminar distributions, projection patterns and 
electrophysiological properties (Greig et al., 2013; Jabaudon, 2017; Lodato and 
Arlotta, 2015), and currently available data suggest that several dozen distinct 
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transcriptional signatures can be distinguished among them (Tasic et al., 2018). 
The relative abundance of the different types of PCs largely determines the 
distinct patterns of cytoarchitecture observed across different regions of the 
mammalian neocortex (Brodmann and Garey, 2006). 
The diversity of excitatory neurons emerges from progenitor cells in the 
ventricular zone (VZ) of the developing neocortex known as radial glial cells 
(RGCs) (Miyata et al., 2001; Noctor et al., 2001; Malatesta, et al. 2000). RGCs 
divide symmetrically to expand the progenitor pool during early stages of 
corticogenesis. Subsequently, they undergo asymmetric cell divisions to generate 
clones of PCs directly or indirectly via intermediate progenitor cells (IPCs) (Lui 
et al., 2011; Taverna et al., 2014). The characteristic vertical organisation of 
migrating PCs in the developing neocortex led to the “radial unit hypothesis”, 
which postulates that individual RGCs generate an ontogenic column of PCs 
organised radially, that contains neurons of diverse laminar fates (Rakic, 1988). 
According to this hypothesis, the construction of the cerebral cortex lies on 
multiple repeats of this ontogenic unit. However, the precise mechanisms 
through which RGCs generate diverse patterns of cytoarchitecture throughout the 
neocortex remain to be elucidated. 
The most commonly accepted view of cortical neurogenesis is based on the 
notion that RGCs are multipotent and generate all types of excitatory neurons 
following an exquisite inside-out temporal sequence (Leone et al., 2008; 
Molyneaux et al., 2007, Rakic et al. 1994). Consistently, progenitor cells cultured 
in vitro reproduce the temporal sequence of cortical neurogenesis (Gaspard et al., 
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2008; Shen et al., 2006b), and genetic fate mapping experiments have shown that 
cortical progenitors identified by the expression of the transcription factors Fezf2 
and Sox9 are multipotent in vivo (Guo et al., 2013; Kaplan et al., 2017). In 
contrast to this view, other studies have suggested the existence of fate-restricted 
cortical progenitors, which would only generate PCs for certain layers of the 
neocortex (Franco et al., 2012; García-Moreno and Molnár, 2015). Nevertheless, 
these results, and their appropriate interpretation, remain controversial (Eckler et 
al., 2015; Gil-Sanz et al., 2015).  
Our current framework for understanding cortical neurogenesis largely 
relies on studies that consider RGCs as a homogeneous population. Consistent 
with this view, recent clonal analyses of the developing neocortex led to the 
conclusion that progenitor cell behaviour conforms to a deterministic program 
through which individual RGCs consistently generate the same neuronal output 
(Gao et al., 2014). This would suggest that variations in the organisation of 
cortical areas would exclusively rely on mechanisms of lineage refinement at 
postmitotic stages, such as programmed cell death. Alternatively, the absence of 
detailed quantitative data of individual PC lineages or methodological caveats 
may have prevented the identification of a certain degree of heterogeneity in the 
neuronal output of individual RGCs. 
In this study, we have complement previous retroviral tracing data obtained 
in the lab with two additional experimental approaches. The combined use of 
these three complementary strategies allows the circumvention of some of the 
intrinsic technical biases associated with each of the previously used methods to 
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systematically investigate the clonal organisation of PC lineages in the cerebral 
cortex. Our results provide a detailed quantitative assessment of the neurogenic 
fate of individual VZ progenitor cells that reveal a large diversity of PC lineage 
configurations. These findings support a stochastic model of cortical 
neurogenesis through which a limited number of progenitor cell identities would 
generate the entire diversity of cytoarchitectonic patterns observed in the 
neocortex. 
Retroviral tracing of pyramidal cell lineages
To study the cellular mechanisms underlying the generation of PCs in the 
neocortex, previous work in our laboratory began to analyze the organisation of 
neuronal lineages generated by individual progenitor cells. To this end, they used 
replication-deficient retroviral vectors that integrate indiscriminately in mitotic 
cells but only identify cell lineages with fluorescent proteins following Cre-
dependent recombination (Ciceri et al., 2013). To specifically label PC lineages, 
they injected a very low titer cocktail of conditional reporter retroviruses 
(rv::dio-Gfp and rv::dio-mCherry) into the lateral ventricle of Nex-Cre mouse 
embryos (Neurod6Cre/+), in which Cre expression is confined to postmitotic PCs 
(Goebbels et al., 2006) (FIG 2.1A). Using this approach, they achieved sparse 
labelling and avoided biasing the tagging of progenitor cells by the expression of 
specific genetic markers (Cepko et al., 2000). 
To identify the developmental stage at which progenitor cells become 
neurogenic in the cortex, they injected retroviruses at different embryonic days 
(E9.5 to E14.5) and analysed the organisation of individual PC clusters at 
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Fig.  2.1.  Identification  of  pyramidal  cell  lineages  with  low-titer  conditional  reporter 
retroviruses. 
(A) Experimental paradigm. (B) Schematic representation of the expected labelling outcomes in 
retroviral  lineage  tracing  experiments.  (C–C”)  Serial  coronal  sections  through  the 
telencephalon of P21 NexCre/+ mice infected with low-titer conditional reporter retroviruses at 
E11.5.   Lineages (L) 1 and 3 are shown at  high magnification in C’  and C’’,  respectively. 
Dashed  lines  define  external  brain  boundaries  and  cortical  layers.  The  schemas  collapse 
lineages  spanning  across  several  sections  into  a  single  diagram.  (D)  Quantification  of  the 
number of PCs per lineage in P21 NexCre/+ mice infected with conditional reporter retroviruses 
at different embryonic stages. (E) Quantification of the fraction of cortical lineages containing 
one,  two or  three or  more neurons in  P21 NexCre/+  mice infected with conditional  reporter 
retroviruses at different embryonic stages. Data are presented as mean ± sem. n = 13 lineages in 
3 animals at E9.5; 21 lineages in 3 animals at E10.5; 64 lineages in 5 animals at E11.5; 166 
lineages in 7 animals at E12.5; 32 lineages in 4 animals at E14.5. I–VI, cortical layers I to VI; 
H,  hippocampus  area;  M1,  primary  motor  cortex;  RSD,  retrosplenial  cortex;  S1,  primary 
somatosensory cortex. Scale bars equal 100 µm (C) and 300 µm (C’ and C”).
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postnatal day (P) 21 (FIG 2.1A). Since a single copy of the viral vector is stably 
integrated into the host genome, retroviral infection leads to the labelling of only 
one of the two daughter cells resulting from the division of the infected 
progenitor cell. Consequently, infection of progenitor cells in the ventricular 
zone (VZ) of the pallium labels PC lineages in three main configurations 
depending of the mode of division of the infected progenitor (FIG 2.1B): (1) a 
large cluster containing more than one lineage, which results from the infection 
of a self-renewing progenitor cell dividing symmetrically; (2) a single lineage, 
which results from the infection of a progenitor cell undergoing its last 
symmetric division; and (3) a partial lineage, which results from a neurogenic 
division of a progenitor cell. In this later case, partial lineages may contain the 
majority of neurons in the clone, if integration occurs in the progenitor cell, or 
one or two neurons, if the integration occurs in a neuron or an IPC, respectively.  
They observed clusters of neurons with the characteristic morphology of 
PCs at all stages examined. Systematic mapping at P21 revealed very sparse 
labelling and widespread distribution of clones throughout the entire neocortex 
(FIG 2.1C–C” and FIG 2.2). The spatial segregation of the lineages was 
confirmed by the virtual absence of green and red clones within 500 µm of each 
other in all experiments analysed (FIG 2.2B). They quantified the number of PCs 
per clone at P21 following viral infection at different embryonic stages and 
observed that lineages contained progressively smaller progenies (FIG 2.1D). 
This is consistent with the notion that VZ progenitors undergo proliferative 
symmetric cell divisions early during corticogenesis before they become 
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neurogenic and begin self-renewing via asymmetric divisions (Götz and Huttner, 
2005; Kriegstein and Götz, 2003). Since neurogenic divisions label one or two 
neurons in 50% of the cases (FIG 2.1B), the fraction of one- and two-cell clones 
found after retroviral infection is indicative of the proportion of neurogenic VZ 
progenitor cells at each embryonic stage. They observed that these clones 
represent ∼50% of the lineages at E12.5 (FIG 2.1E). Consistent with previous 
reports using other methods (Gao et al., 2014), these results indicate that the 
onset of cortical neurogenesis begins immediately before E12.5, and that at this 
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Fig.  2.2.  Sparse  labelling  of  neuronal  clones  with  low-titer  retroviral  infection. 
(A) Experimental paradigm. (B) Fraction of neuron clusters containing cells labeled with one or 
two reporters. (C-D) Serial coronal sections through the telencephalon of P21 NexCre/+ mice 
infected with low-titer conditional reporter retroviruses at E9.5 (C) and E10.5 (D).  The high 
magnification pictures shown in (C’-C”) and (D’-D”) correspond to the clones shown in (C) 
and (D), respectively. n = 296 lineages in 19 animals across all ages. Scale bars equal 100 µm 
(C-D) and 300 µm (C’, C”, D’, D”).
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stage most VZ progenitor cells are already neurogenic. Thus, they focused 
subsequent analyses on this stage. 
They first examined lineages labeled at E12.5 that contained more than two 
cells, which correspond to the progeny of a VZ progenitor cell (FIG 2.3A). 
Consistent with classical models of cortical neurogenesis, they found that most 
VZ progenitor cells (63%) infected with retroviruses at E12.5 produce 
translaminar lineages containing neurons in both deep (V and VI) and superficial 
(II-III and IV) layers of the neocortex (FIG 2.3B,E). However, they also 
observed a substantial fraction of lineages in which PCs were confined to either 
deep (FIG 2.3C,E) or superficial (FIG 2.3D,E) layers (15% and 22%, 
respectively).  
The distribution of single-cell and two-cell clones following infection of 
VZ progenitor cells at E12.5 further supported the existence of cortical lineages 
restricted to superficial layers of the neocortex. As expected from the normal 
progression of neurogenesis in translaminar lineages, most single-cell and two-
cell clones (which result from the labelling of a neuron or an IPC, respectively) 
were located in deep layers of the cortex (FIG 2.3F-M). However, in these 
experiments they also identified a small fraction of single-cell and two-cell 
clones in superficial layers of the neocortex (FIG 2.3F-M). This suggested that 
some VZ progenitor cells generate PCs for superficial layers of the neocortex in 
their earliest neurogenic divisions. 
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Fig. 2.3 Retroviral-based lineage tracing reveals diverse lineage outcomes. 
(A)  Experimental  paradigm.  The  bottom  panel  illustrates  the  expected  labelling  outcome 
following retroviral infection of an RGC undergoing a neurogenic cell division in which the 
viral integration occurs in the self-renewing RGC. (B-D) Serial coronal sections through the 
cortex of P21 NexCre/+ mice infected with low-titer conditional reporter retroviruses at E12.5. 
The images show examples of translaminar (B), deep-layer restricted (C) and superficial-layer 
restricted  (D)  lineages  containing  three  or  more  cells.  Dashed  lines  define  external  brain 
boundaries and cortical layers. The schemas collapse lineages spanning across several sections 
into a single diagram. (E) Quantification of the fraction of translaminar, deep- and superficial-
layer restricted lineages containing three or more cells, and clonal size. Clonal size data are 
presented as mean ± standard deviation. (F) Expected labelling outcome following retroviral 
infection of an RGC undergoing a neurogenic cell division in which the viral integration occurs 
in an IPC (indirect neurogenesis). (G-H), Coronal sections through the cortex of P21 NexCre/+ 
mice  infected  with  low-titer  conditional  reporter  retroviruses  at  E12.5.  The  images  show 
examples  of  superficial  and  deep  layer-restricted  two-cell  clones.  (I)  Quantification  of  the 
fraction of translaminar, deep and superficial layer-restricted two-cell lineages. 
Results
2. RESULTS
A small fraction of progenitors generates laminar-
restricted lineages
We noted that the clonal size of laminar-restricted lineages in previous retroviral 
tracing experiments was typically smaller than that of translaminar clones (FIG 
2.3E). One explanation for this difference could be that laminar-restricted 
lineages represent sub-clones resulting from the labelling of IPCs that undergo 
more than one round of cell division, generating four to five neurons with a 
laminar-restricted distribution. To test this hypothesis, we carried out lineage 
tracing experiments at single cell resolution using low-dose tamoxifen 
administration in Tbr2CreER;RCE pregnant mice at E12.5 (FIG 2.4A), which led 
to the sparse labelling of IPCs and their progenies (Pimeisl et al., 2013). We 
analysed 73 IPC-derived lineages at P21 and exclusively found one-cell and two-
cell clones, with no evidence for larger clones within our sample (FIG 2.4B-D). 
Although the existence of IPCs that undergo more than one cell division, as 
reported in other studies (Vasistha et al., 2015) cannot be completely excluded, 
these results indicate that this is not common at this developmental stage. 
Consequently, IPCs are unlikely to be the origin of laminar-restricted lineages. 
These results show discrepancies with those Vasistha et al. 2015., where the 
existence of larger cellular outputs arising form individual IPCs was reported. 
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(J)  Expected  labelling  outcome  following  retroviral  infection  of  an  RGC  undergoing  a 
neurogenic cell division in which the viral integration occurs in a postmitotic neuron (direct 
neurogenesis). (K-L) Coronal sections through the cortex of P21 NexCre/+ mice infected with 
low-titer conditional reporter retroviruses at E12.5. The images show examples of superficial 
and deep layer-restricted single-cell clones. (M) Laminar distribution of single-cell clones. n = 
166 lineages in 7 animals. Scale bar equals 100 µm.
Results
Further studies will help to clarify these concepts. In our perspective, several 
factors can lead to these differential observations, such as the sample size of both 
experimental datasets, and/or in the different techniques used to map the outputs 
of individual IPCs. 
Retroviral tracing experiments suggested that the neurogenic output of 
neocortical VZ progenitor cells is significantly more heterogeneous than 
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Fig.  2.4.  Lineage  tracing  of  Tbr2+  intermediate  progenitor  cells. 
(A)  Experimental  paradigm.  The  bottom  panel  illustrates  the  expected  labelling 
outcome  of  the  division  of  a  Tbr2+  intermediate  progenitor  cell.  (B-C)  Coronal 
sections  through  the  cortex  of  P21  Tbr2CreERT2;RCE  mice  treated  with  low-dose 
tamoxifen at E12.5. The images show examples of deep and superficial layer-restricted 
Tbr2-derived lineages. The schemas collapse lineages spanning across several sections 
into  a  single  diagram.  (D)  Fraction  of  translaminar,  deep  and  superficial  layer-
restricted Tbr2-derived lineages. n = 73 lineages in 12 animals. Scale bar equals 100 
µm. 
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previously described, including translaminar, deep- and superficial-layer 
restricted lineages. However, several technical limitations may contribute to the 
observation of laminar-restricted lineages, as retroviral tracing may lead to the 
incomplete labelling of neuronal lineages. For example, the existence of deep 
layer-restricted lineages might be due to the silencing of the viral cassette after a 
few rounds of cell division (Cepko et al., 2000), which would prevent the 
expression of GFP or mCherry in superficial layer PCs. There are also alternative 
explanations for the observation of superficial layer-restricted lineages in the 
retroviral tracing experiments. First, infected progenitors might have become 
neurogenic at slightly earlier stages and have already produced a wave of deep 
layer PCs before infection, which would therefore not be labeled by the 
retrovirus. Second, the entire set of deep layer neurons might have been 
generated during the first neurogenic division of a VZ progenitor cell, which 
would not be labeled in some cases due to the retroviral integration mechanism. 
To overcome these technical limitations, we took advantage of the Mosaic 
Analysis with Double Markers (MADM) technique, a genetic method widely 
used to fate-map cellular lineages at high resolution (Hippenmeyer et al., 2010; 
Zong et al., 2005). We used the Emx1-CreERT2 mice (Kessaris et al., 2006) to 
induce MADM sparse labelling of VZ progenitor cells following tamoxifen 
administration at E12.5 (FIG 2.5A). This set of experiments was performed by 
our collaborators in the Hippenmeyer Lab, being us in charge of the data 
analysis. We specifically focused our analysis on G2-X MADM segregation 
events that result in the labelling of an unbalanced number of daughter cells with 
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either green or red fluorescent proteins and report the outcome of asymmetric 
divisions in VZ progenitor cells (Zong et al., 2005). Consistent with the retroviral 
lineage tracing experiments, we found that the vast majority of MADM lineages 
adopt a translaminar configuration (FIG 2.5B,D). In addition, we also identified 
some lineages in which PCs were confined to layers V and VI, thereby 
confirming the existence of lineages restricted to deep layers of the neocortex 
(FIG 2.5C,D). We observed that the fraction of deep layer-restricted lineages 
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Fig 2.5. Lineage tracing using MADM identifies a small fraction of deep layer-restricted 
cortical lineages.                            
(A) Experimental paradigm. The bottom panel illustrates the expected labelling outcome of a 
neurogenic  RGC division  following  inducible  MADM-based  lineage  tracing  in  which  two 
subclones are labeled with different reporters. (B-C) Serial coronal sections through the cortex 
of  P21  Emx1-CreERT2;MADM  mice  treated  with  tamoxifen  at  E12.5.  The  images  show 
examples  of  translaminar  (B)  and deep layer-restricted  (C)  lineages.  The schemas  collapse 
lineages  spanning  across  several  sections  into  a  single  diagram.  (D)  Quantification  of  the 
fraction  of  translaminar,  deep  and  superficial  layer-restricted  lineages,  and  clonal  size  in 
MADM lineages derived from a neurogenic (asymmetric) RGC division. Clonal size data are 
presented as mean ± standard deviation. n = 106 neurogenic lineages in 28 animals. Scale bar 
equals 100 µm.
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labeled with MADM (∼7%) is smaller than that obtained with retroviral tracing 
(15%), which suggested that reporter silencing might exist in some clones in the 
retroviral lineage tracing experiments. In contrast, we did not recover a 
significant number of superficial layer-restricted lineages in MADM experiments 
(FIG 2.5D). 
The MADM experiments suggested that the observation of superficial 
layer-restricted lineages in retroviral experiments might be artifactual, a result of 
the incomplete retroviral labelling of neuronal lineages. We reasoned that if this 
were the case, the analysis of the MADM sub-clones (i.e., only one of the two 
colors in the lineage) containing more than two cells should lead to a similar 
fraction of ‘artifactual’ lineages, since these would essentially correspond to 
those labeled by retroviral infection missing the first division of VZ progenitor 
cells (FIG 2.6). This analysis indeed identified a small fraction of MADM sub-
clones as ‘apparent’ superficial layer-restricted lineages (∼12%), which was 
nevertheless significantly smaller than those identified in the retroviral 
experiments (22%). This indicated that although some of the superficial layer-
restricted lineages observed in retroviral experiments were artifactual, others 
might not be. 
One important difference between both approaches is that MADM G2-X 
recombination events occur exclusively in mitotic cells (Zong et al., 2005), while 
retroviral labelling does not strictly depend on cell division. Retroviruses require 
cell division for their integration into the genome, but the infection is 
independent of cell cycle stage (Cepko et al., 2000). Thus, we hypothesized that 
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MADM may not consistently label a fraction of quiescent or slowly dividing 
progenitors, which could otherwise be targeted by retroviral infection. To test 
this idea, we carried out a new set of lineage tracing experiments using a third, 
complementary method. In brief, we traced cortical lineages at single cell 
resolution using low-dose tamoxifen administration in Emx1-CreERT2;RCE 
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Fig. 2.6. Large MADM sub-clones reveal a small fraction of artifactual superficial layer-
restricted lineages in the retroviral dataset.    
(A) Experimental paradigm. The bottom panel illustrates the expected labelling outcome of a 
neurogenic RGC division following inducible MADM-based lineage tracing in which two 
sub-clones are labeled with different reporters. (B) Serial coronal sections through the cortex 
of P21 Emx1-CreERT2;MADM  mice treated with tamoxifen at E12.5. The images show an 
example of a translaminar lineage containing a large superficial layer-restricted sub-clone. The 
schemas collapse lineages spanning across several sections into a single diagram. (C) Relative 
fraction of translaminar, deep and superficial layer-restricted MADM large sub-clones.  n = 
196 sub-lineages in 28 animals. Scale bar equals 100 µm.
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pregnant mice at E12.5 (FIG 2.7A), in which labelling of VZ progenitor cells 
should be independent of cell cycle dynamics. Since this method does not 
distinguish between lineages derived from symmetric or asymmetric cell 
divisions, we limited our analysis to lineages with a maximum of 12 cells, the 
larger clonal size of neurogenic lineages in the Emx1-CreERT2;MADM dataset 
(clones with more than 12 cells account for less than 5% of the neurogenic 
lineages and largely include [87%] the outcome of symmetrically-dividing 
progenitor cells). 
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Fig  2.7.  A fraction  of  early-quiescent  cortical  progenitors  generates  superficial  layer-
restricted lineages.      
(A) Experimental paradigm. The bottom panel illustrates the expected labelling outcome of a 
neurogenic RGC division following inducible conditional reporter lineage tracing in Emx1-
CreERT2;RCE  mice.  (B-D)  Serial  coronal  sections  through  the  cortex  of  P21  Emx1-
CreERT2;RCE mice treated with low-dose tamoxifen at E12.5. The images show examples of 
translaminar  (B),  deep layer-restricted (C)  and superficial  layer-restricted (D) lineages.  The 
schemas  collapse  lineages  spanning  across  several  sections  in  a  single  diagram.  (E) 
Quantification of the fraction of translaminar, deep and superficial layer-restricted lineages, and 
clonal size in inducible conditional reporter lineage tracing experiments. Clonal size data are 
presented as mean ± standard deviation. n = 260 neurogenic lineages in 25 animals. Scale bar 
equals 100 µm.
Results
Consistent with the other approaches, the majority of lineages (∼75%) 
labeled by injection of Emx1-CreERT2;RCE mice with low tamoxifen doses at 
E12.5 were translaminar (FIG 2.7B,E). We also confirmed that ~13% of the 
lineages were restricted to deep cortical layers (FIG 2.7C,E). In addition, we 
found that ∼11% of the lineages consist of PCs confined to superficial layers of 
the neocortex (FIG 2.7D,E). In sum, the combined results of three different sets 
of lineage tracing experiments suggested that translaminar (∼80%), deep layer-
restricted (∼10%) and superficial layer-restricted (∼10%) lineages are generated 
at the onset of neurogenesis in the developing neocortex. 
Pyramidal cell lineages acquire diverse configurations
We next explored the precise organisation of cortical lineages derived from VZ 
progenitor cells at E12.5. In lineage tracing experiments using Emx1-
CreERT2;RCE mice (FIG 2.8A), we observed that only about a quarter of traced 
lineages contain neurons in every cortical layer from II to VI, and every other 
clone lacks neurons in one or multiple cortical layers (FIG 2.8B-D,F). For 
instance, a significant proportion of translaminar lineages lacks PCs in layer V 
(FIG 2.8B,F) or layer IV (FIG 2.8C,F) but, considered collectively, PC lineages 
adopt every possible configuration of laminar distributions in the neocortex (FIG 
2.8F). The heterogeneous organisation of cortical lineages was not exclusively 
observed in the experiments performed in Emx1-CreERT2;RCE mice; similar 
results were obtained in retroviral lineage tracing and MADM experiments (FIG 
2.9). Although the clonal size of these lineages also exhibits great heterogeneity, 
it seems to follow a bimodal distribution, with maximums at approximately 4 
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Fig 2.8. Translaminar lineages adopt very heterogeneous configurations.      
(A) Experimental paradigm. The bottom panel illustrates the expected labelling outcome of a 
neurogenic RGC division following inducible conditional reporter lineage tracing in Emx1-
CreERT2;RCE mice.
Results
and 8 cells (FIG 2.8E, FIG 2.9). Intriguingly, these two maximums largely 
correspond to restricted and translaminar lineages respectively, reinforcing the 
previously described link between clonal size and laminar configuration.  
We characterised the organisation of translaminar lineages with PCs in 
every layer by quantifying the relative proportion of neurons in deep and 
superficial layers. This analysis revealed that these cortical lineages typically 
showed a bias toward the production of PCs for superficial layers, although a 
minority of lineages displayed a preference towards deep layers or a balanced 
distribution across deep- and superficial layers (FIG 2.8G). In general, the total 
amount of cells in superficial and deep cortical layers was slightly anti-
correlated. To further explore the molecular diversity of PCs in these lineages, 
we stained P21 brain sections from Emx1-CreERT2;RCE mice induced at E12.5 
with antibodies against Ctip2 and Satb2, two transcription factors whose relative 
expression defines different types of PCs with unique patterns of axonal 
projections (Greig et al., 2013; Lodato and Arlotta, 2015). We identified four PC 
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(B-D) Serial coronal sections through the cortex of P21 Emx1-CreERT2;RCE mice treated with 
low-dose tamoxifen at E12.5. The images show examples of translaminar lineages with various 
laminar configurations. The schemas collapse lineages spanning across several sections into a 
single diagram. (E) Clonal size distribution of translaminar, deep and superficial layer-restricted 
lineages. (F) Relative frequency (expressed as percentage over the total number of lineages) of 
the different laminar configurations (green and grey schemas) in inducible conditional reporter 
lineage tracing experiments. (G) Relative abundance of PCs in superficial and deep layers from 
translaminar lineages containing cells in every layer. Lineages are represented as circles in a bi-
dimensional space, indicating the number of cells in superficial versus deep layers. The size of 
the circle indicates the number of lineages that shown a particular configuration. Green shapes 
schematically represent lineage configurations. A rectangular shape illustrates lineages with a 
balanced number of  superficial  and deep PCs;  triangular  shapes represent  configurations of 
lineages biased towards superficial or deep layer neurons. (H) Fraction of translaminar lineages 
with neurons in every layer containing one,  two, three or four subclasses of PCs.  n = 260 
neurogenic  lineages  in  25  animals.  CCPN,  cortico-cortical  projection  neuron;  SCPN, 
subcortical  projection  neuron;  HPN,  heterogeneous  projection  neuron;  CThPN,  cortico-
thalamic projection neuron. Scale bar equals 100 µm.
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Fig.  2.9.  Retrovirus  and  MADM  labeled  lineages  reproduce  laminar  configuration 
diversity.  (A)  Experimental  paradigm.  The  right  panel  illustrates  the  expected  labelling 
outcome following retroviral  infection of an RGC undergoing a neurogenic cell  division in 
which the viral  integration occurs in the self-renewing RGC.  (B-C)  Serial  coronal  sections 
through the cortex of P21 NexCre/+ mice infected with low-titer conditional reporter retroviruses 
at E12.5. The images show examples of layer V (B) and layer 6 (C) skipping lineages. Dashed 
lines define cortical layers. The schemas collapse lineages spanning across several sections into 
a  single  diagram.  (D)  Clonal  size  distribution  of  translaminar,  deep  and  superficial  layer-
restricted lineages in retroviral experiments. (E) Relative frequency (expressed as percentage 
over  the  total  number  of  lineages)  of  the  different  laminar  configurations  (green  and  grey 
schemas) in retroviral  labelling experiments.  (F)  Experimental  paradigm. The bottom panel 
illustrates the expected labelling outcome of a neurogenic RGC division following inducible 
MADM-based lineage tracing in which two subclones are labeled with different reporters.
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types based on the expression of these markers and their laminar distribution 
(FIG 2.10): Cortico-cortical projection neurons (CCPN), subcerebral projection 
neurons (SCPN), cortico-thalamic projection neurons (CThPN) and 
heterogeneous projection neurons (HPN) (Harb et al., 2016). Using this 
classification, we found that nearly a quarter of all-layer translaminar lineages 
were composed exclusively by CCPNs, while multiple different combinations of 
PC identities comprise the remaining lineages (FIG 2.8H). Of note, only a minor 
fraction of all cortical lineages contains the entire complement of types 
identified. Altogether, our experiments revealed that PC lineages exhibit a great 
degree of heterogeneity in the number and identities they comprise. 
Heterogeneous lineage configurations arise directly from 
neurogenesis
The observed heterogeneity in cortical lineages likely emerges during 
neurogenesis. However, it is possible that selective cell death of specific PCs 
might contribute to the heterogeneous organisation of cortical lineages. Recent 
studies have shown that PCs undergo apoptosis during early postnatal stages 
(Blanquie et al., 2017; Wong et al., 2018). To explore the contribution of cell 
death to the heterogeneous configuration of cortical lineages, we labeled clones 
by injecting a low dose of tamoxifen in Emx1-CreERT2;RCE mice at E12.5 and 
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(G-H) Serial coronal sections through the cortex of P21 Emx1-CreERT2;MADM mice treated 
with tamoxifen at E12.5. The images show examples of layer IV and V restricted (G) and layer 
V skipping (H) lineages. The schemas collapse lineages spanning across several sections into a 
single diagram. (I) Clonal size distribution of translaminar, deep and superficial layer-restricted 
lineages in MADM experiments. (J) Relative frequency (expressed as percentage over the total 
number  of  lineages)  of  the  different  laminar  configurations  (green  and  grey  schemas)  in 
MADM experiments.  n  =  166  lineages  in  7  animals  in  retrovirus  experiments  (D-E);  106 
neurogenic  lineages  in  28 animals  in  MADM experiments  (I-J).  Scale  bar  equals  100 µm. 
Retrovirus experiments carried by Gabriele Ciceri. 
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analysed their laminar organisation at P2, prior to the period of PC death (Wong 
et al., 2018). We detected no significant differences in the average clonal size or 
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Fig. 2.10. Identification of pyramidal cell types.             
(A) Experimental paradigm. The bottom panel illustrates the expected 
labelling  outcome of  a  neurogenic  RGC division  following  inducible 
conditional  reporter  lineage  tracing  in  Emx1-CreERT2;RCE  mice.  (B) 
Schematic of PC types based on their laminar distribution and expression 
of specific markers. (C) Fraction of Tle4+ and Tle4- layer VI PCs that 
express the transcription factors Satb2 and Ctip2. Data are represented as 
mean ± standard deviation. (D) Pyramidal cell types in lineages traced in 
Emx1-CreERT2;RCE  mice.  Neurons  are  classified  according  to  their 
laminar allocation and expression of Satb2 and Ctip2. n = 1123 cells in 
twenty slices from two brains. CCPN, cortico-cortical projection neuron; 
SCPN,  subcortical  projection  neuron;  HPN,  heterogeneous  projection 
neuron; CThPN, cortico-thalamic projection neuron. Scale bar equals 35 
µm.
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in the relative frequency of P2 translaminar and laminar-restricted lineages 
compared to P21 (FIG 2.11A-D). In addition, we observed that the diversity of 
lineage patterns was remarkably similar between P2 and P21 (FIG 2.11E). We 
also noted a tendency (𝜒2 test, p = 0.099) for the fraction of lineages with PCs in 
every layer to be larger and the frequency of lineages lacking PCs in layer 5 to be 
smaller at P2 compared to P21 (FIG 2.11E). These experiments suggested that 
although cell death may have a subtle impact in refining the final diversity of 
lineages and their relative proportion, such heterogeneity should arise directly 
during the process of cortical neurogenesis. 
Laminar densities do not predict lineage structure
The variability in size and composition of PC lineages raises questions about the 
developmental mechanisms underlying their genesis. We first asked whether 
lineage structure is relevant for cortical cytoarchitectural development. It is 
formally possible that the diversity in laminar composition of cortical lineages is 
simply the consequence of a random process of PC generation in which the only 
boundary condition is the relative number of PCs that populate each layer of the 
cortex. To test this, we used the lineages mapped in the primary somatosensory 
cortex (S1) of Emx1-CreERT2;RCE mice, which are meant to collectively 
generate a common pattern of laminar densities. We randomly permuted the PCs 
obtained from the different lineages while maintaining each neuron’s laminar 
identity and the total number of cells in each lineage. If lineage structure were to 
exclusively affect the control of PC laminar fractions at population level, 
permuted lineages should be expected to match experimental data. As expected, 
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the permutation process left unaltered the clonal size distribution and number of 
cells per layer observed in the experimental data (FIG 2.12 A,B). However, it 
failed to replicate the observed anti-correlation in neuron numbers between 
superficial and deep layers (FIG 2.12C). In addition, we observed that the 
laminar configuration of the permuted lineages differed from the experimental 
data (data not shown). These results indicated that the laminar distribution of 
 118
Kings College London   Generation of neuronal diversity in the mammalian cerebral cortex
Fig. 2.11. Subtle impact of pyramidal neuron cell death in final configurations of cortical 
neuron lineages.                    
(A) Experimental paradigm. The bottom panel illustrates the expected labelling outcome of a 
neurogenic RGC division following inducible conditional  reporter  lineage tracing in Emx1-
CreERT2;RCE  mice.  (B)  Clonal size of cortical  lineages at  P2 and P21 following low-dose 
tamoxifen in  Emx1-CreERT2;RCE  mice  at  E12.5.  Data  are  represented as  mean ± standard 
deviation.  (C)  Clonal  size  distribution  of  cortical  lineages  at  P2  and  P21  in  inducible 
conditional  reporter  lineage  tracing  experiments.  (D)  Quantification  of  the  fraction  of 
translaminar,  deep  and  superficial  layer-restricted  lineages  at  P2  and  P21  in  inducible 
conditional  reporter  lineage  tracing  experiments.  (E)  Relative  frequency  (expressed  as 
percentage over the total number of lineages) of the different laminar configurations (green and 
grey schemas) in inducible conditional reporter lineage tracing experiments at P2 and P21. At 
this age, layers II/II and IV cannot be reliably distinguished and are consequently considered as 
a single cortical layer. n = 110 neurogenic lineages in 11 animals at P2; n= 260 neurogenic 
lineages in 25 animals at P21.
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neurons within each lineage arises specifically from an organised pattern of 
neurogenesis. 
Stochastic models reproduce the diversity of progenitor 
outputs
One possibility to explain lineage diversity is the existence of multiple different 
VZ progenitor cell types with restricted potential to generate specific classes of 
PCs (Franco and Müller, 2013). However, the observed heterogeneity in lineage 
configurations may also arise from equipotent VZ progenitor cells that are 
subject to stochastic factors controlling their output, as proposed for the retina 
(He et al., 2012). To establish the feasibility of the latter scheme, we used a 
Bayesian approach to model the outcome of cortical progenitor cells following 
stochastic developmental programmes. This method involved using a set of 
probabilistic rules for generating lineages, and subsequently inferring the number 
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Fig. 2.12. Laminar densities of pyramidal neurons do not predict lineage structure. 
(A) Fraction of cells in each cortical layer (expressed as percentage of total) in experimental 
and  bootstrapped  lineages.  (B)  Clonal  size  distribution  in  experimental  and  bootstrapped 
lineages.  (C)  Spearman correlation (r)  values  for  the fraction of  superficial  and deep layer 
neurons in modeled lineages. Each dot represents an r value for one simulation. The green line 
shows the experimental value; the shadow area around the experimental data represents a 95% 
confidence  interval  for  the  experimental  value.  Histograms  represent  mean  ±  standard 
deviation. Z-scores represent the distance between experimental and simulated datasets for each 
parameter,  which  is  calculated  as  the  difference  between  the  averages  of  model  and 
experimental data divided by the standard deviation within model simulations (see methods for 
details). n = 103 neurogenic lineages in the somatosensory cortex of 25 animals. 
Results
of rules required for the assignment of all lineages observed in the experimental 
data (see Methods for details). To avoid having to account for variability 
potentially attributable to differences in the distribution of lineages across areas 
of the neocortex, we only considered experimental data obtained from lineages 
mapped in S1 of Emx1-CreERT2;RCE mice. A total of 103 lineages was counted 
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Fig 2.13. A stochastic model of cortical neurogenesis. 
(A) Number of progenitor identities required to reproduce experimental lineage configurations 
inferred by Bayesian modeling. The y axis represents the fraction of simulations from a total of 
4000 that demand a particular minimum number of progenitors. (B) Fraction of cells in each 
cortical  layer (expressed as percentage of  total)  in experimental  and modeled lineages.  (C) 
Clonal size distribution in experimental and modeled lineages. (D) Spearman correlation (r) 
values for the fraction of superficial and deep layer neurons in modeled lineages. Each dot 
represents an r  value for one simulation. The green line shows the experimental  value; the 
shadow  area  around  the  experimental  data  represents  a  95%  confidence  interval  for  the 
experimental value. (E) Fraction of translaminar, deep and superficial layer-restricted lineages 
found experimentally  and predicted  by the  model  (expressed as  percentage  of  all  modeled 
lineages within a single simulation). Grey boxes represent variability among 4000 simulations; 
colored  stars  and  lines  show  experimental  values  and  95%  confidence  intervals  for 
experimental  values  (p  =  0.036,  Chi-square  test).  (F)  Relative  frequency  (expressed  as 
percentage  over  all  modeled  translaminar  lineages  within  a  single  simulation)  of  laminar 
configurations  in  experimental  and  modeled  translaminar  lineages.  Grey  boxes  represent 
variability among 4000 simulations; colored stars and lines show experimental values and 95% 
confidence intervals for experimental values (p = 0.11, Chi-square test). Histograms represent 
mean ± standard deviation. Z-scores represent the distance between experimental and simulated 
datasets  for  each parameter,  which is  calculated as  the  difference between the  averages  of 
model and experimental data divided by the standard deviation within model simulations (see 
methods for details). n = 103 neurogenic lineages in the somatosensory cortex of 25 animals.
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in S1. Model simulations with this number of lineages returned stable results, 
indicating that this number of lineages faithfully reflects population dynamics 
and minimises sampling effects to a reasonable extent. We reasoned that some 
lineage configurations observed in our experiments (such those containing cells 
exclusively in deep cortical layers) could derive from an early interruption of the 
developing lineage, reflecting an early terminal division, or a progenitor cell 
undergoing cell death after a few rounds of division. Since the genesis of such 
lineages might therefore not arise from specific developmental programmes, 
these configurations were also not taken into account for the inference of the 
stochastic rules governing this process. The Bayesian inference approach 
revealed that models using one or two progenitor types are sufficient to produce 
a diversity of lineage compositions as found in our experimental data (FIG 2.13 
A,E,F). However, the approach failed to reproduce the anti-correlation in cell 
numbers between superficial and deep layers found experimentally (FIG 2.13D) 
and tended to underestimate the fractions of superficial and small lineages in our 
data set (FIG 2.13C,E). This suggests that while simple stochastic processes 
acting mostly on a single homogeneous population of VZ progenitor cells can 
originate a vast diversity of outcomes as observed in our experiments, some 
experimental observations may arise from additional developmental programmes 
and from features characteristic of the sequential process of neurogenesis.   
A small number of progenitor identities underlies lineage 
diversity
Having established that the stochastic behaviour of a small number of progenitor 
types could in principle account for lineage diversity, we next explored 
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specifically how diversity can result from the sequential dynamics of stochastic 
neuron generation. To this end we simulated cortical progenitor behaviour using 
models based on four basic rules derived from experimental knowledge (FIG 
2.14A and FIG 2.15A). First, in silico progenitors would generate neurons for 
different layers sequentially, following the observed inside-out pattern. Second, 
each in silico progenitor would have a set, randomly selected number of 
opportunities to generate neurons in each layer. Third, for any progenitor the 
decision to generate a neuron would be probabilistic, with cell generation 
probabilities varying by cortical layer but equal for all opportunities within the 
same layer. Thus, a progenitor type was defined by its specific combination of 
cell generation probabilities across layers. Fourth, to simulate the chances of 
premature terminal division and/or progenitor death, we introduced a 
probabilistic chance of lineage interruption at each opportunity for cell 
generation. In silico lineages generated using this model were then compared 
with the experimental lineages mapped in the primary somatosensory cortex (S1) 
of Emx1-CreERT2;RCE mice. We set cell generation probabilities in each layer to 
match the total laminar fractions of PCs (FIG 2.14B and FIG 2.15B), as well as 
the clonal size distribution (FIG 2.14C and FIG 2.15C) observed in those 
lineages. 
In agreement with the Bayesian approach, we found that a stochastic model 
based on a single, equipotent VZ progenitor cell (Model 1), i.e., a single set of 
cell generation probabilities, was able to reproduce the majority of 
experimentally observed lineage features. Modelled lineages recapitulated the 
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Fig 2.14. A small number of progenitor identities underlie lineage diversity.             
(A) Schematic representation of a mathematical model of cortical neurogenesis in which two 
different progenitor identities are modeled (Model 2). Squares represent the maximum number 
of stochastic decisions performed by each progenitor for each cortical layer during in silico 
simulations. The odds of generating neurons for each chance are given by a probability value 
(P), which is unique for each layer and progenitor identity. The model runs 100 simulations 
with 100 progenitors. (B) Fraction of cells in each cortical layer (expressed as percentage of 
total) in experimental and modeled lineages.  (C) Clonal size distribution in experimental and 
modeled lineages. (D) Spearman correlation (r) values for the fraction of superficial and deep 
layer neurons in modeled lineages. Each dot represents an r value for one simulation. The green 
line shows the experimental value; the shadow area around the experimental data represents a 
95% confidence interval for the experimental  value.  (E)  Fraction of translaminar,  deep and 
superficial  layer-restricted  lineages  found  experimentally  and  predicted  by  the  model 
(expressed  as  percentage  of  all  modeled  lineages  within  a  single  simulation).  Grey  boxes 
represent variability among 100 simulations; colored stars and lines show experimental values 
and 95% confidence intervals for experimental values (p = 0.99, Fisher’s exact test).
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existence of restricted lineages as well as all observed laminar configurations of 
translaminar lineages (FIG 2.15E-F). However, this model generated lineages 
with an exaggerated anti-correlation in the number of cells in superficial versus 
deep layers (FIG 2.15D) and failed to reproduce the bimodal distribution of 
clonal sizes, underestimating the fraction of small lineages (those containing 3-4 
cells). In addition, the fraction of lineages restricted to superficial layers, which 
largely contributes to the small lineage sizes, was also underestimated (FIG 
2.15C,E). These results suggeste that the fraction of small superficial lineages is 
unlikely to arise from a single stochastic program common to all cortical 
progenitors. 
We then generated a second model with two different sets of cell 
generation probabilities, defining two different progenitor populations (Model 2). 
In this model, the majority of progenitors belonged to a population generating 
the larger lineages, while a second, smaller population generated small progenies 
biased towards superficial layer PC fates (FIG 2.14A). We found that this model 
faithfully reproduced all the experimental features in our data: total laminar 
fractions (FIG 2.14B), bimodal distribution of clonal sizes (FIG 2.14C) and 
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(F) Relative frequency (expressed as percentage over all modeled translaminar lineages within 
a  single  simulation)  of  laminar  configurations  in  experimental  and  modeled  translaminar 
lineages. Grey boxes represent variability among 100 simulations; colored stars and lines show 
experimental  values  and 95% confidence intervals  for  experimental  values  (p  =  0.24,  Chi-
square test).  (G)  Coronal sections through the primary somatosensory (S1) and visual (V1) 
cortex of P21 NexCre/+;Fucci mice. The schemas on the right illustrate PC densities per layer. 
(H) Fraction of PCs per layer (expressed as percentage of total neurons) generated with two 
sets  of  laminar  probability  factors  using  Model  2  compared  to  the  experimental  data. 
Histograms  represent  mean  ±  standard  deviation.  Z-scores  represent  the  distance  between 
experimental and simulated datasets for each parameter, which is calculated as the difference 
between the averages of model and experimental data divided by the standard deviation within 
model simulations (see methods for details). n = 103 neurogenic lineages in the somatosensory 
cortex of 25 animals.
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negative correlation in superficial versus deep layers (FIG 2.14D). In addition, 
the relative proportions of translaminar and laminar-restricted lineages were 
identical to those measured experimentally (FIG 2.14E). Finally, translaminar 
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Fig.  2.15.  Stochastic  models  considering  single  and  multiple  programmes  corroborate 
Bayesian inference. 
(A)  Schematic  representation of  a  mathematical  model  of  cortical  neurogenesis  in  which a 
unique progenitor identity is modeled (Model 1). Squares represent the maximum number of 
stochastic  decisions  performed  by  each  progenitor  for  each  cortical  layer  during  in  silico 
simulations. The odds of generating neurons for each chance are given by a probability value 
(P), which is unique for each layer and progenitor identity. The model runs 100 simulations 
with 100 progenitors. (B) Fraction of cells in each cortical layer (expressed as percentage of 
total) in experimental and modeled lineages. (C) Clonal size distribution in experimental and 
modeled lineages. (D) Spearman correlation (r) values for the fraction of superficial and deep 
layer neurons in modeled lineages. Each dot represents an r value for one simulation. The green 
line shows the experimental value; the shadow area around the experimental data represents a 
95% confidence interval for the experimental  value.  (E)  Fraction of translaminar,  deep and 
superficial  layer-restricted  lineages  found  experimentally  and  predicted  by  the  model 
(expressed  as  percentage  of  all  modeled  lineages  within  a  single  simulation).  Grey  boxes 
represent variability among 100 simulations; colored stars and lines show experimental values 
and  95%  confidence  intervals  for  experimental  values  (p  =  0.13,  Fisher’s  exact  test).  (F) 
Relative frequency (expressed as percentage over all modeled translaminar lineages within a 
single  simulation)  of  laminar  configurations  in  experimental  and  modeled  translaminar 
lineages. Grey boxes represent variability among 100 simulations; colored stars and lines show 
experimental  values  and 95% confidence intervals  for  experimental  values  (p  =  0.16,  Chi-
square test). Histograms represent mean ± standard deviation. Z-scores represent the distance 
between experimental and simulated datasets for each parameter, which is calculated as the 
difference  between  the  averages  of  model  and  experimental  data  divided  by  the  standard 
deviation within model simulations (see methods for details). n = 103 neurogenic lineages in 
the somatosensory cortex of 25 animals.
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modeled lineages exhibited similar laminar configurations to the experimental 
lineages (FIG 2.14F). In sum, mathematical modelling suggests that a stochastic 
mechanism of cortical neurogenesis based on two independent progenitor cell 
populations best approximates the experimental data.  
Finally, we explored whether the proposed stochastic model with two 
progenitor populations (Model 2) would be able to generate different ratios of 
layer-specific neurons under different circumstances (i.e., different cell 
generation probabilities), which would robustly account for the emergence of 
cytoarchitectonic differences across neocortical areas. To this end, we quantified 
the fraction of PCs in each layer of the primary somatosensory (S1) and visual 
(V1) cortices in Nex-Cre;Fucci2 mice, in which all PCs in the neocortex are 
labeled with a nuclear fluorescent marker. As expected, we found marked 
differences in laminar cytoarchitecture between both regions (FIG 2.14G).  Most 
importantly, layer IV and VI where relatively more dense in S1, while layer II/III 
was enlarged in V1. Remarkably, we found that subtle tuning of generation 
probabilities for both areas was sufficient to replicate the different laminar ratios 
in silico (FIG 2.14H). This suggests the stochastic mechanisms of neurogenesis 
described here would suffice to generate the diverse patterns of cytoarchitecture 
observed across neocortical areas. 
3. DISCUSSION 
Our results indicate that the output of individual progenitor cells in the 
developing mouse neocortex is much more heterogeneous than previously 
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anticipated. Progenitor cells most frequently generate PCs for both deep and 
superficial layers of the neocortex, as suggested by previous studies. However, a 
sizeable fraction of those lineages lacks PCs in one or several layers. In addition, 
the heterogeneous output of cortical progenitor cells includes lineages in which 
PCs are restricted to either deep or superficial layers. Mathematical modelling 
suggests that this wide diversity of outputs is compatible with a stochastic model 
of cortical neurogenesis. Such model represents a robust and adaptable 
mechanism for the assembly of different neocortical cytoarchitectures.  
Methodological considerations
Understanding how individual lineages contribute to the production and 
organisation of PCs is essential to articulate a coherent framework of cortical 
development. The analysis of the output of progenitor cells in the developing 
rodent cortex expands over three decades and has relied on four approaches: 
retroviral labelling (Luskin et al., 1988; Noctor et al., 2004; 2001; Price and 
Thurlow, 1998; Reid et al., 1995; Walsh and Cepko, 1995), mouse chimeras (Tan 
et al., 1998), MADM (Beattie et al., 2017; Gao et al., 2014) and genetic fate-
mapping (Eckler et al., 2015; Franco et al., 2012; García-Moreno and Molnár, 
2015; Guo et al., 2013; Kaplan et al., 2017). These studies often led to 
contradictory results, which has prevented the emergence of a consistent model. 
The prevalent view is that each progenitor cell in the developing pallium is 
multipotent and generates a cohort of PCs that populate all layers of the 
neocortex except layer I (Eckler et al., 2015; Gao et al., 2014; Guo et al., 2013; 
Kaplan et al., 2017), as originally conceived in the radial unit hypothesis (Rakic, 
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1988). In contrast, some authors have suggested that many cortical progenitor 
cells are fate-restricted to generate PCs that exclusively occupy deep or 
superficial layers of the neocortex (Franco et al., 2012; Franco and Müller, 2013; 
Gil-Sanz et al., 2015). Here, we have used three different methods (retroviral 
labelling, MADM and genetic fate-mapping) to investigate the clonal production 
of cortical neurons by capitalising on the synergy that emerges from the 
advantages of each individual approach. Our results indicate that this multi-
modal approach is required to comprehensively capture the complex behaviour 
of progenitor cells in the developing cortex. 
Retroviral labelling has two important limitations: it only labels hemi-
lineages and is prone to silencing, which may prevent the identification of the 
entire progeny of a progenitor cell (Cepko et al., 2000). Conversely, retroviral 
labelling targets progenitor cells indiscriminately and, consequently, is not biased 
towards a particular genetic fate (Cepko et al., 2000), as is the case for genetic 
strategies. MADM, on the other hand, has the enormous advantage of identifying 
both sister cells resulting from a cell division. However, G2-X MADM events 
require progenitor cells to undergo cell division at the time of induction because 
it directly relies on Cre-dependent inter-chromosomal mitotic recombination 
(Zong et al., 2005). Our results revealed that MADM does not reliably label a 
small fraction of progenitor cells present in the pallial VZ at E12.5 that gives rise 
to cohorts of PCs exclusively located in superficial layers of the neocortex. These 
lineages were however observed in both retroviral labelling experiments and in 
genetic tracing experiments using the same genetic driver (Emx1-CreERT2) as in 
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the MADM experiments, which strongly suggests that some Emx1+ progenitor 
cells producing exclusively superficial layer PCs in the developing cortex are not 
targeted by the MADM approach. We hypothesise that these progenitors might 
be quiescent or slow-dividing progenitors at this stage and become more active at 
later stages of development. Finally, although the use of genetic fate-mapping 
strategies (e.g., Emx1-CreERT2;RCE) is a powerful method to investigate cortical 
lineages, it has the important constraint of not being able to distinguish between 
symmetric proliferating and asymmetric neurogenic divisions. This hampers the 
analysis of clonal sizes, which can be otherwise accurately assessed with MADM 
except for the lineages that are not detected with this method.  
Diversity of neocortical lineages
Previous clonal analysis based on MADM lineage tracing experiments led to the 
suggestion that individual progenitor cells in the pallial VZ produce a unitary 
output of approximately 8 excitatory neocortical neurons (Gao et al., 2014). 
However, since those studies failed to identify lineages with restricted laminar 
patterns (either deep or superficial layer restricted clones), they underestimated 
the fraction of lineages with relatively small clonal size. In contrast, our analysis 
of neurogenic lineages revealed a bimodal distribution of clonal sizes with 
defined peaks centered at approximately 4 and 8 cells, which largely corresponds 
to the contribution of laminar-restricted and translaminar lineages, respectively. 
Previous studies have suggested that some neocortical progenitor cells 
generate laminar-restricted lineages of PCs (Franco et al., 2012; Gil-Sanz et al., 
2015). In our experiments, approximately one in six cortical progenitor cells 
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generate laminar-restricted lineages. The existence of lineages restricted to deep 
layers of the neocortex was observed with all three methods used in this study. 
Although some variation exists in the relative fraction of deep layer-restricted 
lineages observed with the different approaches, these differences lie within the 
expected experimental noise considering the relatively small number of lineages 
that belong to this category. In addition, both retroviral labelling and genetic fate-
mapping experiments identified a fraction of cortical progenitor cells that 
generate PCs that exclusively populate the superficial layers of the neocortex. 
The discrepancy between the results of genetic fate-mapping and MADM 
experiments, in which the same mouse strain is used as the driver for 
recombination (Emx1-CreERT2), suggests that these fate-restricted lineages arise 
from progenitor cells that are not actively dividing at E12.5. This hypothesis is 
consistent with the identification of a population of self-renewing progenitors 
with limited neurogenic potential during the earliest phases of corticogenesis 
(García-Moreno and Molnár, 2015). The existence of superficial layer-restricted 
cortical lineages is further supported by the identification of IPCs as early as 
E12.5 that generate superficial layer PCs (this study and Mihalas et al., 2016), 
when the majority of deep layer PCs are being generated. Since IPCs derive from 
VZ progenitor cells (Haubensak et al., 2004; Miyata, 2004; Noctor et al., 2004) 
and cortical neurogenesis begins at these stages in the mouse, this observation 
reinforces the idea that some progenitors are tuned to generate superficial layer 
PCs from early stages of corticogenesis. 
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Our study also revealed that, independently of the laminar distribution, 
individual cortical progenitor cells generate lineages with very diverse 
combinations of PC types. Cortical progenitors are thought to undergo 
progressive changes in their competency to generate different layer-specific 
types of PCs (Desai and McConnell, 2000; Rakic, 1974). Consistent with this 
idea, our results reveal that most cortical progenitors generate diverse types of 
excitatory neurons. However, since many cortical progenitor cells fail to generate 
neurons for at least one layer of the neocortex, the majority of cortical lineages 
does not include the entire diversity of excitatory neurons. In other words, the 
fraction of individual cortical lineages that would be considered as “canonical” – 
i.e., containing all three main types of excitatory projection neurons (CCPN, 
SCPN and CThPN) – is significantly smaller than previously anticipated. 
Considering the variance in clonal size and lineage composition of neocortical 
lineages, our results indicate that cortical progenitor cells exhibit very 
heterogeneous patterns of neuronal generation and specification. 
A stochastic model of cortical neurogenesis
Our results indicate that stochastic developmental programmes, in which cortical 
progenitors undergo a series of probability-based decisions for the generation of 
the different PC fates, are capable of generating the wide diversity of lineage 
configurations observed in our experiments. Therefore, in spite of the great 
diversity of configurations that exist among individual neocortical lineages, our 
results suggest that their genesis does not require a corresponding heterogeneity 
in VZ progenitors. The model proposed here is somewhat reminiscent of that 
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described for the developing rodent and zebrafish retina (Gomes et al., 2010; He 
et al., 2012). In line with our findings, stochastic mechanisms based on a single 
set of probability rules explain the genesis of most, but not all neuronal types in 
the mammalian retina (Gomes et al., 2010).  
It is presently unclear whether laminar-restricted lineages arise from a pool 
of progenitor cells separate from those generating translaminar lineages or 
should simply be considered as extreme examples of the enormous diversity of 
lineage configurations uncovered by our study. The generation of lineages 
restricted to deep layers might be due to premature terminal division or death of 
the progenitor cell (Blaschke et al., 1996; Mihalas and Hevner, 2018), as 
considered in our models, but the existence of superficial layer-restricted 
lineages is more difficult to explain. Moreover, our mathematical model best 
reproduces the complex cytoarchitecture of the neocortex when two distinct 
progenitor cell identities are considered. Previous studies have identified 
morphological heterogeneity among pallial VZ progenitor cells (Gal, et al. 2006). 
However, there is limited evidence for important molecular differences among 
these cells (Mizutani et al., 2007; Pollen et al., 2014; Telley et al., 2016). In the 
absence of a definitive molecular signature, our results suggest that while a 
homogeneous population of progenitor cells following a common developmental 
program explains most of the observed outcomes, it fails to generate the fraction 
of small superficial lineages observed in the experimental dataset. The 
introduction of a second population of progenitor cells is required to reproduce 
these lineages. Although these findings might suggest the existence of a small 
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fraction of cortical progenitors tuned to preferentially generate superficial 
lineages, it should not be taken as a definitive proof of fate-restriction in cortical 
progenitors. In our model, replicating the experimental data does not require 
such progenitors to be restricted, but simply biased towards generating 
superficial fates. 
Our study suggests that progenitor cells in different cortical areas are likely 
constrained by different probabilistic rules, which would contribute to the 
generation of the diverse cytoarchitectonic patterns found across the neocortex. 
How and when stochastic neurogenic decisions are made remains to be 
elucidated, but they likely depend on the influence of extrinsic and intrinsic 
signals on parameters such as cell cycle length, the asymmetric inheritance of 
cell components, the generation of dividing (IPCs) versus postmitotic progeny, 
and the membrane potential of progenitor cells (Haydar et al., 2003; Lange et al., 
2009; Pilaz et al., 2009; Roccio et al., 2013; Vitali et al., 2018; Wang et al., 
2009). Local signals in different neocortical areas would contribute to the tuning 
of progenitor cell behaviours to output different cytoarchitectures without the 
requirement of regional-specific progenitor populations. Consequently, this 
model allows great flexibility in the generation of heterogeneous cortical 
cytoarchitectures without the requirement of a large number of progenitor 
identities. The specification of a very small number of progenitor cells with 
competence to adapt their neurogenic behaviour to different probabilistic rules 
based on their location within the neocortical neuroepithelium represents the 
most parsimonious and robust mechanism for the generation of cortical circuitry.  
 133
Kings College London   Generation of neuronal diversity in the mammalian cerebral cortex
 
 134
       
RESULTS
CHAPTER II: 




The diverse types of inhibitory interneurons that populate the cerebral cortex 
originate in several regions of the embryonic subpallium. In these structures, 
progenitor cells divide intensely to generate postmitotic interneurons. 
Importantly, the mitotic behaviour of these progenitor cells, and their individual 
contribution to cortical neurogenesis remains largely unknown. Here, we 
investigated the mode of division of interneuron precursors in the MGE. Our 
results indicate that these progenitor cells generate remarkably complex lineages, 
undergoing several rounds of expansive divisions before generating postmitotic 
neurons. Also, we designed and tested a novel high-resolution labelling method 
for the faithful tracing of individual MGE progenitor outputs. This method eludes 
the caveats and limitations of previous high-resolution lineage tracing strategies, 
representing a useful tool for the future understanding of interneuron 
development.  
1. INTRODUCTION
The mammalian cerebral cortex contains several types of inhibitory GABAergic 
INs that interconnect among themselves and with nearby PCs to form complex 
neuronal circuits. INs have their origin in multiple regions of the embryonic 
subpallium, from where they migrate long distances to reach their final position 
in the cerebral cortex (Anderson et al., 1997; De Carlos et al., 1996; Tamamaki et 
al., 1997). Despite decades of intense study, our current understanding of the 
developmental logic behind the generation of IN cell diversity remains 
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incomplete. For instance, the neurogenic behaviour of IN progenitor cells and 
their individual contribution to cortical neurogenesis have not yet been 
characterised in detail, in sharp contrast to the corresponding processes in the 
pallium. 
Recent studies indicate that progenitor cells located in the MGE, the region 
of origin for PV and SST INs, are multipotent and often produce heterogeneous 
progenies containing different types of INs from both classes (Brown et al., 
2011; Ciceri et al., 2013; Harwell et al., 2015; Mayer et al., 2015). However, the 
cellular and molecular mechanisms leading to the generation of these 
heterogeneous progenies remain largely unknown. In addition, whether IN 
progenies are instructed to migrate to specific cortical niches or disperse widely 
across different cortical territories remains a matter of intense debate (Garcia et 
al., 2016; Mayer et al., 2016; Sultan et al., 2016). 
Two main reasons account for our limited understanding of the 
mechanisms regulating IN generation. First, the cell biology of IN generation has 
not been extensively studied. For example, it is currently unknown whether IN 
genesis follows highly stereotyped and organised patterns comparable to those 
governing PC birth in the cortex, or whether progenitor cells generating INs 
divide more promiscuously than in the cortex, generating complex ramified 
lineages as described in the LGE (Pilz et al., 2013). This uncertainty severely 
limits our understanding of the origin of IN diversity, since it complicates the 
interpretation of the neuronal output of subpallial progenitors. Second, the 
characterisation of single cell lineages, which has been crucial to discern the 
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principles underlying the development of other brain structures (A Schmid, 1999; 
Bossing et al., 1996; Gao et al., 2013; Walsh and Cepko, 1995), has been 
particularly challenging for cortical INs. The enormous spatial dispersion of 
these cells precludes the use of many classical lineage-tracing technologies, 
typically based in spatial relationships, for their study. Instead, it demands the 
use of high-resolution methods for the unequivocal identification of lineage 
relationships.  
Several high-resolution cell labelling strategies have been developed over 
the past decades for the analysis of neuronal progenies (Buckingham and 
Meilhac, 2011; Kretzschmar and Watt, 2012), largely based on two main 
principles, multicolour labelling and barcoding. Combinatorial multicolour 
labelling strategies are based on the simultaneous use of multiple fluorescent 
reporters in target cells. To achieve maximum resolution, most of these methods 
introduce multiple copies of the reporters into traced cells. Cells labelled this 
way are then meant to express a unique RGB-like colour tag, in which the 
number of copies of each reporter can be inferred from the fluorescent intensity 
in a particular wavelength. A number of approaches have been designed 
following this principle, using mouse genetics (Cai et al., 2013; Livet et al., 
2007; Loulier et al., 2014; Snippert et al., 2010), viral vectors (Cai et al., 2013) 
or in utero electroporation (Garcia-Moreno et al., 2014; García-Marqués and 
López-Mascaraque, 2012; Loulier et al., 2014) to achieve the expression of 
reporter alleles in the desired cell populations. Although these methods have 
been postulated for the faithful identification of individual cells, they are not 
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exempt of difficulties that preclude their use as trustable lineage-tracing 
strategies. Most importantly, the assumption of a linear relationship between 
fluorescent intensity and cell genomic content is extremely dangerous. Multiple 
factors modulate gene expression in a living cell, potentially leading to different 
expression profiles in cells with identical genetic content. Consequently, this 
could cause misinterpretations of lineage relationships among labelled cells, and 
therefore, question the use of these methods for such purposes.  
Genetic barcoding strategies, on the other hand, are used to tag target cells 
with a unique genomic sequence, which is later utilised for their identification. 
These approaches use large genomic libraries containing an enormous amount of 
unique genetic sequences for the unequivocal reconstruction of lineage 
relationships among traced cells (Golden et al., 1995; McCarthy et al., 2001). 
Individual genetic tags, randomly selected from the entire library, are delivered 
into progenitor cells typically via low titer viral infections, so that the entire 
group of neurons derived from each targeted progenitor cell would inherit, and 
thus share, a common genetic tag distinctive of their lineage origin. Despite their 
extremely high resolution, these approaches have several technical caveats. Viral 
genomes are frequently silenced in mammalian cells (Cepko et al., 2000; 
Halliday and Cepko, 1992; McCarthy et al., 2001), potentially preventing the 
reconstruction of entire lineages. Moreover, genetic barcoding requires the 
recovery and analysis of the genomic content of targeted cells for the 
identification of lineage relationships, a remarkably inefficient process (Harwell 
et al., 2015; Mayer et al., 2015). In fact, most studies only manage to recover the 
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genome of a very small fraction of labelled cells, consequently leading to the 
reconstruction of incomplete lineages. These limitations have prevented a better 
understanding about the contribution of individual subpallial progenitors to the 
genesis of the cerebral cortex, reinforcing the need for novel lineage-tracing 
systems that ensure the faithful reconstruction of complete cell lineages.   
In this study, we have characterised the mitotic patterns underlying the 
genesis of INs in the MGE. In addition, we have designed and tested a high-
resolution lineage tracing system that avoids the caveats of previous strategies. 
This tool represents a novel powerful approach for the study of IN development.  
2. RESULTS
Progenitor cell diversity in the MGE
The existence of different types of progenitor cells in the different subpallial 
sources that give rise to cortical INs, and their preferred division patterns, remain 
to be investigated. We focused on the MGE, a major source of cortical INs, to 
study the cellular logic of cortical IN generation. To test the existence of different 
morphotypes of progenitor cells in this structure, we performed short-term fate-
mapping experiments using mouse genetics. To this end, we injected low doses 
of tamoxifen in Nkx2-1-CreERT2;Ai9 pregnant females, which led to the sparse 
labelling of progenitor cells and early postmitotic INs in the embryonic MGE 
and POA. We performed tamoxifen injection at E11.5 to map progenitor cells 
during early neurogenic stages. Embryonic tissue was recovered for fixation 24 h 
later. In these experiments, immunostaining of Ki67 protein, a marker of cycling 
 139
Kings College London   Generation of neuronal diversity in the mammalian cerebral cortex
Results
 140
Kings College London   Generation of neuronal diversity in the mammalian cerebral cortex
Figure 3.1. Progenitor cell diversity in the embryonic subpallium
(A) Experimental paradigm.  (B) Coronal section of embryonic mouse MGE. Top left: Low 
magnification images of MGE germinal layers and the distribution of tdTomato+ cells among 
them. Top right: Schematics and example images of multipolar SVZ progenitor cells. Bottom: 
Schematics  and  example  images  of  aRG,  SNP and  multipolar  VZ  progenitor  cells.   (C) 
Percentage  of  VZ cells  identified  as  neurons  or  classified  as  the  different  morphotypes  of 
progenitor  cells.  Data  expressed as  mean ± std.  (D)  Percentage  of  SVZ cells  identified as 
neurons or classified as the different morphotypes of progenitor cells. Data expressed as mean ± 
std. (E) Percentage of PH3+ mitotic cells at the different germinal layers of the MGE. Data 
expressed as  mean ± std.  MGE,  medial  ganglionic  eminence.  VS,  ventricular  surface.  VZ, 
ventricular zone. SVZ, subventricular zone. aRG, apical radial glia. SNP, short neural precursor. 
bRG, basal radial glia. MP, multipolar precursor. n = 4 brains (171 VZ and 264 SVZ progenitor 
cells). Scale bars 100μm and 25μm. 
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cells, was used to identify progenitor cells. The expression of tdTomato was used 
for their morphological classification into four different morphotypes, defined by 
the presence or absence of apical and/or basal processes (FIG 3.1A,B).  
We observed that the population of apical progenitor cells located in the 
VZ exhibits several distinct morphologies, similarly to previous results in the 
LGE (Pilz et al., 2013). Remarkably, a large fraction of apical progenitors lacks 
basal processes and has the morphology described for SNPs in the developing 
cortex (FIG 3.1C). In contrast, basal progenitors in the SVZ were found to be 
mainly multipolar (FIG 3.1D). Finally, we also observed mitotic activity (i.e., 
cells labelled with a mitotic marker such phosphohistone-H3, PH3) in many VZ 
cells away from the apical surface (FIG 3.1E), corroborating previous results 
(Pilz et al., 2013). Taken together, our results indicate that progenitor cells in the 
MGE exhibit similar morphologies to those described in the LGE.  
Mode of division of IN progenitor cells
To investigate the mode of division of MGE/POA progenitor cells, we performed 
short-term clonal labelling experiments in Nkx2-1 lineages using MADM (FIG 
3.2 A). To this end, we induced MADM labelling at early neurogenic stages 
(E12.5, and E13.5) using single tamoxifen injections in Nkx2-1-CreERT2;MADM 
pregnant females, and recovered embryonic brains for fixation 24h later. We did 
not observe differences in the structure and size of MGE/POA lineages between 
these two ages (FIG 3.2 B), so both datasets were analysed together. 
We focused on G2-X MADM segregation events, which result from the 
labelling of both daughter cells with different reporters (FIG 3.2C). We observed 
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that the clonal size of these lineages was surprisingly large (FIG 3.2 B), with 
over 6 cells per lineage on average. This finding revealed that subpallial 
progenitors tend to divide quickly, generating relatively large interneuron clones 
within 24h. Clonal sizes of G2-X lineages ranged between 2 and 13 cells, which 
indicate  that some MGE/POA progenitor cells may divide up to three times 
during that period. Consistently, both G2-X and G2-Z sub-lineages (defined as 
only one colour of the G2-X lineages and the complete G2-Z lineages) exhibit a 
wide range of different clonal sizes, with an average value of around 3 cells (FIG 
3.2 B).   
We classified the lineages in two main types: (i) sustained lineages contain 
at least one apical progenitor 24h after labelling, and therefore likely derive from 
a self-renewing stem cell. (ii) Exhausted lineages, lack a self-renewing apical 
progenitor cell, and exclusively contain neurons, multipolar IPCs, or a mixture of 
both, and likely represent the progeny of IPCs. These two lineage types were 
observed with similar frequencies (13/25 sustained, 12/25 exhausted) (FIG 3.2 
D), which suggested that similar numbers of self-renewing and IPCs are present 
in the MGE. Surprisingly, we observed that the vast majority of exhausted 
lineages (75%, 9/12 lineages) contain more than 2 cells (FIG 3.2 E), and most of 
the present clonal sizes of four or more cells (FIG 3.2 F). This suggests that the 
mitotic behaviour of IPCs in the subpallium is remarkably different than in the 
pallium.  
To test whether IPCs directly derived from self-renewing apical progenitors 
also exhibit this expansive behaviour, we then analysed the composition of 
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sustained lineages. In these lineages, the sub-lineage containing the apical 
progenitor cell would reflect the activity of this cell following the targeted 
division. Conversely, the other sub-lineage would reflect the progeny generated 
during the initial division that triggered the MADM labelling. Therefore, the 
study of the later sub-lineages can provide essential information about the mitotic 
patterns of apical progenitors and their immediate progenies. Intriguingly, only 
25% (3/12) of total sustained lineages contained this type of sub-lineages with 
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Figure 3.2. MGE progenitor cells generate complex expansive lineages
(A) Experimental paradigm. (B) Clonal size distribution (# neurons per lineage) of MGE/POA 
MADM labelled lineages and sub-lineages. Horizontal lines indicate median values. (C) Serial 
coronal sections of E14.5 Nkx2-1-CreERT2;MADM mice treated with tamoxifen at E13.5. The 
images  show  a  example  of  a  sustained  lineage  with  an  expansive  red  sub-lineage.  (D) 
Percentage of G2-X lineages containing/not containing APs. (E) Percentage of G2-X exhausted 
lineages containing two or more cells.  (F)  Clobal size distribution (neurons per lineage) of 
exhausted lineages. Horizontal line indicates median value. (G) Percentage of G2-X sustained 
lineages  with  1-cell,  2-cells  or  more  than  two cells  sub-lineages.  MGE,  medial  ganglionic 
eminence.  AP,  apical  progenitor.  SVZ,  subventricular  zone.  VZ,  ventricular  zone.  N  =  25 
lineages in 10 brains. Scale bar 25μm.
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more than two cells (FIG 3.2 G). In contrast, half (6/12) of the observed 
sustained lineages only contained a single cell in these sub-lineages, indicating 
the generation of a neuron through direct neurogenesis (FIG 3.2 G). The 
remaining 25% of sustained lineages contained two cells in the sub-lineage 
lacking the apical progenitor (3/12) (FIG 3.2 G). Thus, although a large fraction 
(~ 75%) of MADM-targeted putative IPCs seem to generate large groups of cells, 
only half of the IPCs derived from self-renewing apical progenitor cells seem to 
follow this trend. Two alternative hypotheses may help to explain this apparent 
contradiction. First, lateral sub-lineages containing two cells may correspond to 
expansive sub-lineages composed by IPCs that only divided once within 24h, but 
would continue to divide in the future. In line with this idea, all two-cell sub-
lineages were composed by cells with multipolar morphologies, possibly 
corresponding to classic SVZ IPCs. Second, a fraction of exhausted lineages may 
originate from a population of mitotically restricted IPCs that does not derive 
from self-renewing apical progenitors. 
SVZ expansion of MGE lineages
The results of our clonal analysis suggest the existence of a population of IPCs 
that divide multiple times, thereby expanding nascent IN lineages. Whether these 
expansive IPCs reside in the VZ or the SVZ, however, remains unknown. To 
study the progression of MGE lineages in the different germinal layers, we used 
the FlashTag method (Govindan et al., 2018). FlashTag (FT) is based on the use 
of a fluorescent dye (carboxyfluorescein diacetate succinimidyl ester) that 
remains colourless in the extracellular space, and only becomes fluorescent after 
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been enzymatically processed inside living cells. Thus, its delivery into the 
lateral ventricles of mouse embryonic brains via in utero injection results in the 
specific labelling of apical progenitors dividing at the ventricular surface, in 
contact with the cerebrospinal fluid. Labelled progenitors and their progenies 
retain the fluorescent labelling until it becomes diluted over a few rounds of 
division (FIG 3.3A). This allowed us to map the developmental trajectory of the 
progenies of MGE apical progenitors dividing in contact with the ventricular 
surface acutely at E12.5.  
We analysed the result of FT labelling 3h, 6h, 14h, and 24h after injection, 
comparing lineage dynamics in the MGE and the pallium, where the cellular 
principles of PC generation are well understood. We observed that FT labelled 
cells remained in the VZ of the MGE and pallium at least 6h after labelling (FIG 
3.3 B, C). A fraction of FT labelled cells was found in the SVZ 14h after 
labelling, which suggested that progenies of apical progenitors take between 6 to 
14h to reach this germinal layer. Interestingly, the fraction of cells invading SVZ 
14h after the labelling was larger in the MGE than in the pallium (FIG 3.3 C). 
Our results in the previous chapter indicate that at E12.5 about a third of cortical 
apical progenitors divide symmetrically at to generate two apical progenitors that 
remain at the VZ. Thus, the increased fraction of labelled cells in the SVZ of the 
MGE likely indicates that these symmetric divisions, if present, are less frequent 
in the subpallium. Consistently, only 1 out of 25 MADM lineages analysed in the 
previous experiment contain apical progenitors in both sub-lineages. 
Interestingly, we found that a minor fraction (~41%) of FT labelled SVZ cells in 
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the pallium express the progenitor cell marker Ki67 (FIG 3.3D), while this 
fraction is much larger in the MGE (~72.5%). These results may reflect a 
preferential generation of INs through indirect neurogenesis, or the expansive 
division of the initial fraction of basal progenitors. Consistent with the larger 
number of basal progenitor cells in the MGE, the fraction of FT labelled cells 
observed in the SVZ increased remarkably 24h after the labelling. In contrast, 
this fraction is slightly reduced in the pallium, which indicates that some of the 
cells generated at the time of FT labelling left the SVZ to invade the cortical 
plate before being replenished by the next wave of VZ-derived cells. Since the 
speed of migration to the SVZ seems to be similar in both the pallium and the 
subpallium in light to our results, the increase in the number of SVZ cells in the 
MGE should arise from the expansion of basal progenitors. Finally, we found 
that the fraction of Ki67+ progenitor cells in the subpallial SVZ remains 
remarkably high (~52%) 24h after the FT labelling, which suggests that basal 
progenitors often divide generating other progenitor cells. Altogether, these 
results reveal that apical progenitors in the MGE generate basal IPCs that 
undergo multiple rounds of expansive divisions in the SVZ. However, a better 
understanding of these data will require the experimental estimation of cell cycle 
length in the MGE. This estimation has been previously made in the cerebral 
cortex, where apical progenitor cells divide in 11-13h at these stages (Calegari et 
al., 2005; Lange and Calegari 2010). This speed is remarkably reduced in cortical 
basal progenitors, whose take an around 26h to divide (Arai et al., 2011). This is 
consistent with the mostly stable fraction of SVZ progenitor cells observed in 
cortex in our FlashTag experiments. In the subpallium, these dynamics seem to 
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Figure 3.3. SVZ expansion of MGE lineages
(A) Experimental paradigm. (B) Coronal sections of embryonic mouse MGE 3h, 6h, 14h, 
and 24h after FT injection. (C) Quantification of the percentage of total FT labelled cells 
present at the SVZ. Data expressed as mean ± standard deviation (p-value = 0.0104 for 12h; 
p-value = 0.0372 for 24h, t-Student test). (D) Percentage of Ki67+ progenitor cells among 
FT labelled SVZ cells. Data expressed as mean ± standard deviation (p-value = 0.0023 for 
12h; p-value = 0.0372 for 24h, t-Student test). MGE, medial ganglionic eminence. n = 3 
brains  (3h);  3  brains  (6h);  4  brains  (12h);  3  brains  (24h).  VZ,  ventricular  zone.  SVZ, 
subventricular zone. FT, Flashtag. Scale bar 50μm.
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be remarkably different. Time lapse experiments in the LGE revealed that cell 
cycle length gets progressively reduced as lineages progress through apical, sub-
apical and basal divisions (Pilz et al., 2013). Hence, apical progenitors in the 
LGE divide in approximately 25h at , and this duration reduces progressively, 
with basal progenitors dividing in only 12h.  Further experiments investigating 
the speed of division of IN progenitor cells in the MGE both in VZ and SVZ, 
would be of great help to better understand the results presented in this section.  
A novel strategy to map IN lineages: The Binbow system
Our capacity to reliably map the outcome of subpallial progenitors at single cell 
resolution is limited by currently available lineage-tracing methodologies. To 
overcome the caveats of previous methods, we designed a novel multicolour 
labelling strategy inspired in the Brainbow system (Livet et al., 2007). This 
system relies on the random expression of only one of four alternative reporters 
in two subcellular localisations in each cell, for a total of 16 colour/location 
possibilities. To this end, we engineered two Binary Brainbow-like (Binbow) 
cassettes that encode four alternative reporters destined for cytosolic (cBinbow) 
or nuclear (nBinbow) localisation, respectively. In these cassettes the four 
reporter genes are sequentially organised downstream of a common promoter 
sequence, so that the presence of each reporter prevents the expression of the 
next. In addition, the widespread expression of the first reporter is prevented in 
the absence of Cre by the presence of a stop cassette upstream of its coding 
sequence, consisting on a non-fluorescent variant of the PhiYFP protein (Cai et 
al., 2013). Two exclusive lox sites flank the coding sequences of each reporter 
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protein. Importantly, each pair of lox sites is capable to recombine with an exact 
reproduction of its own sequence, but not with the other lox variants. Thus, Cre-
mediated recombination in this system randomly takes place between one of the 
lox pairs, leading to the final reorganisation of the Binbow cassette in one of four 
alternative configurations, and thus, the stochastic expression of one of the 
reporter genes (Fig 3.4A). Hence, in cells carrying both nBinbow and cBinbow 
alleles, Cre activity will lead to the random expression of one of the four 
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Figure 3.4. The Binbow system
(A)  Schematic  representation of  the Binbow  cassette.  Coloured triangles  represent  different 
variants  of  lox  site  sequences.  Cre-mediated  recombination  would  lead  to  the  stochastic 
rearrangement  of  the  genetic  cassette  in  one  of  our  possible  configurations,  leading  to  the 
expression of a single reporter gene. Widespread expression of the first fluorescent protein is 
precluded by the existence of an upstream stop cassette.  (B)  Combined labelling with both 
cBinbow and nBinbow alleles tags target cells with a unique binary code, in which one of the 
four reporter genes is express in each subcellular localisation. 
Results
reporters in each subcellular localisation, consequently tagging the target cell 
with a distinctive combination from a sixteen-depth code (Fig 3.4B). If these 
cassettes were integrated in the genome of the cells, then progenies of cells 
labelled with these nuclear-cytosolic codes will inherit their distinctive colour 
code, therefore allowing the identification of lineage relationships.  
A few technical details were considered in the engineering of this system, 
in other to conserve the flexibility to be used in a wide range of circumstances. 
For instance, our design of the Binbow system uses three fluorescent reporters 
and a non-fluorescent, LacZ reporter gene, to avoid automatically using all four 
light wavelength channels commonly used in fluorescent imaging. This last 
reporter could thus be detected via immunostaining, or ignored when needed, 
allowing the use of the corresponding channel for other purposes, at the expense 
of reducing the system resolution (Fig 3.4B). Also, given the size and complexity 
of Binbow cassettes, mouse genetics represents the easiest route for the 
introduction of the constructs into target cells. Therefore, once generated, these 
cassettes were introduced in early mouse embryos to generate the corresponding 
knock-in strains, whose combined use will lead to the desired combinatorial 
labelling.  
Two main requirements should therefore be satisfied for the proper 
function of the Binbow strategy: (1) The introduction of four incompatible pairs 
of lox sites, and (2) the combination of four reporter genes distinguishable both 
in fluorescent spectra and immunohistochemical detection.  
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Identification of four incompatible lox sites
The use of different pairs of lox sites, incapable to recombine between each 
other, is critical for the correct function of the Binbow system, as described for 
the Brainbow one (Livet et al., 2007). We drew inspiration from the newest 
version of this cassette, Brainbow 3.2, to design our strategy. The Brainbow 
system uses three different pairs of lox sites that are unable to recombine among 
them: LoxP, Lox2272 and LoxN. To identify a fourth pair of incompatible lox 
sequences, we designed a genetic strategy to test the recombination properties of 
different lox candidates (Langer et al., 2002; Lee and Saito, 1998; Siegel et al., 
2001). To this end, we used a lox-test vector in which the expression of EGFP is 
induced after removal of an upstream stop cassette flanked by a pair of lox sites 
(Fig 3.5A). The compatibility of different lox variants was screened via 
introduction of different lox sites at the flanks of the stop cassette. For each 
pairing, the expression of EGFP following exposure to Cre recombinase activity 
would be indicative of successful recombination among these lox sites, and thus, 
reflect that the tested lox site is unsuitable for the Binbow constructs.  
To test the compatibility of different lox pairs in vitro, we transfected lox-
test constructs containing diverse combinations of lox sites in COS7 cell 
cultures. As expected, no fluorescent signal was detected in the absence of Cre 
recombinase; instead, the presence of the stop cassette was detected via 
immunostaining. In contrast, upon co-introduction with constitutive Cre 
expression vectors, green fluorescence was detected in some experiments, 
indicating that the tested sequences were compatible for recombination. 
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Remarkably, we found that a candidate lox sequence, named LoxFAS, was unable 
to recombine with any of the three sequences previously used in the Brainbow 
system (Fig 3.5B). 
We next tested the recombination efficiency of each lox variant in vitro. 
For this purpose, we co-transfected Cre expression constructs and conditional 
vectors, in which the stop cassettes were flanked with homologous pairs of LoxP, 
Lox2272, LoxN and LoxFAS sites, into COS7 cell cultures. The recombination 
efficiency was estimated by the fraction of Cre expressing cells that also 
expressed EGFP. We found that the recombination efficiency of each of these lox 
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Figure 3.5. Identification of four incompatible pairs of lox sites
(A)  Schematic  representation  of  lox-test  genetic  construct.  (B)  Fraction  of  recombined 
(EGFP+) COS7 cells  over total  Cre+ transfected cells.  Data expressed as mean ± standard 
deviation (p-value = 0.0028 for LoxP-LoxFAS pair; p-value = 0.005 for LoxN-LoxFAS pair; p-
value  =  0.0007  for  Lox2272-LoxFAS pair;  p-value  =  0.2466  for  LoxFAS-LoxFAS pair,  t-
Student test with Welch’s correction). (C) Fraction of recombined (EGFP+) COS7 cells over 
total Cre+ transfected cells. Data expressed as mean ± standard deviation (p-value = 0.3102, 
one-way ANOVA). n = 3 cultures. (D) Lox compatibility in vivo test. Coronal sections of E18.5 
Nestin-Cre mouse brains electroporated at E13.5. EGFP+ recombined cells can be exclusively 
detected in the LoxFAS-LoxFAS and the positive control experiments. Scale bar 100μm.
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sites was similar (Fig 3.5C), further supporting LoxFAS as a viable candidate to 
be used in the Binbow constructs.  
Finally, to better approximate the behaviour of Cre recombinase inside 
mouse neurons, we performed similar experiments in vivo. To this end, we 
introduced the lox-test cassettes into mouse PCs via in utero electroporation. In 
these experiments, constitutive vectors coding for the red fluorescent protein 
mOrange2 were co-introduced with the lox-test cassettes to mark electroporated 
cells. These procedures were carried in Nestin-Cre embryos at E13.5 to target a 
large fraction of cortical progenitors. The results of these experiments 
corroborate those obtained in vitro, reinforcing the notion that LoxFAS efficiently 
recombines with its exact copy but it fails to do so with any of the other three lox 
sites used in Brainbow 3.2 (Fig 3.5D). Taken together, these results indicate that 
the LoxFAS site efficiently mediates Cre recombination, while it is incompatible 
with the three sites previously used for similar purposes. Therefore, these 
conditions make it ideal for its inclusion in the Binbow system.  
Alfredo Llorca took care of the design, construction, and test of both 
nBinbow and cBinbow cassettes. The generation of the corresponding knock-in 
mouse lines was carried by a specialised company (GenOway) under our direct 
supervision.  
Combinatorial labelling with four distinguishable 
reporters
A second major challenge of the Binbow system is the use of four reporter genes 
with bright, non-overlapping fluorescent signal and minimum sequence 
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homology, ensuring their independent recognition by specific antibodies. As 
discussed above, our design incorporates a non-fluorescent reporter (LacZ), 
which can be detected via immunostaining, to conserve some degree of 
flexibility in the detection of alternative proteins. Thus, a combination of three 
fluorescent proteins would fulfil the requirements of the Binbow system.  
We first selected a number of candidate reporters following the criteria 
described above, and tested their recognition with specific antibodies. To this 
end, we transfected COS7 cell cultures with the different reporter candidates and 
used diverse antibodies for their immunodetection after fixation. Our results 
corroborated previous results (Cai et al., 2013), indicating that the blue 
fluorescent protein TagBFP is recognised by antibodies other than those used for 
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Figure 3.6. Selection of 
distinguishable reporters for 
combinatorial labelling 
(A) In vitro test for fluorescent 
protein recognition with 
specific antibodies. Rows show 
the different fluorescent 
reporters independently 
transfected into COS7 cell 
cultures. Columns show 
specific antibodies used to 
recognise the fluorescent 
reporters (see methods for 
details). (B) In vitro test for 
fluorescent protein spectral 
separation. Scale bar 200μm. 
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the detection of EGFP, tdTomato and mCherry (FIG 3.6A). Next, we tested our 
ability to faithfully segregate the fluorescent emission of TagBFP and EGFP, 
since these blue and green fluorescent proteins present minor overlaps in their 
fluorescent spectra. To this end, we transfected independent COS7 cultures with 
these proteins, and mixed both cultures following transfection (FIG 3.6B). 
Fluorescent imaging revealed minimum overlaps between the fluorescent spectra 
of these reporters, which allows the distinction of the two populations of cells 
under appropriate imaging conditions. Thus, our results indicate that the 
combined use of the fluorescent proteins TagBFP, EGFP and tdTomato, and the 
non-fluorescent reporter LacZ would provide a viable labelling code for mapping 
cell lineages.  
Functional characterisation of Binbow cassettes
In light of these results, we generated two Binbow cassettes, in which the genes 
encoding the reporter proteins TagBFP, EGFP, tdTomato and LacZ are organised 
in sequence under the control of a general promoter, and respectively flanked by 
the lox variants LoxP, Lox2272, LoxN and LoxFAS. The main difference between 
the two cassettes consists of the subcellular localisation of the reporter genes, 
being cytosolic in one (cBinbow) and having a nuclear localisation signal fused 
to the reporter genes in the second, ensuring their confinement in the cell nucleus 
(nBinbow) (FIG 3.4A).  
We next tested the function of the Binbow cassettes. To this end, we first 
transfected COS7 cells with nBinbow and cBinbow constructs (FIG 3.7A). As 
expected, no fluorescent signal was detected following transfection of the 
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Binbow cassettes alone, although the presence of the stop cassette was detected 
via immunostaining. In contrast, all reporter genes were detected after co-
transfection with a constitutive Cre expression vectors (FIG 3.7B). Notably, the 
vast majority of transfected cells exhibited the expression of all four reporters 
(FIG 3.7C), which reflected the promiscuous introduction of multiple plasmids in 
each transfected cell. We also observed that the number of cells expressing a 
unique reporter was similar for each reporter (FIG 3.7E). We next tested the 
expression of Binbow cassettes in vivo following in utero electroporation in the 
mouse embryonic cortex (FIG 3.7F). Consistent with the in vitro experiments, 
the expression of all four reporter genes was only detected when the Binbow 
cassettes were electroporated along with Cre expression vectors (FIG 3.7G). We 
found that most cells expressed all four different reporters (FIG 3.7H), and the 
fractions of cells exclusively expressing each reporter were comparable except 
for the first reporter, TagBFP, which seems to be expressed more frequently than 
the others (FIG 3.7J). 
Stochastic recombination, leading to the expression of each reporter gene 
with similar probability, is critical for the proper function of the Binbow system. 
Thus, although the previous functional characterisation experiments showed 
approximately balanced expression of all four reporters, direct evidence of the 
relative frequency of each alternative recombination was required to ensure the 
correct function of our system. To estimate the expected frequency of each 
alternative recombination event, we induced Cre-mediated recombination of 
Binbow cassettes in vitro. In order to segregate recombinant clones, we 
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Figure 3.7. Functional characterisation of Binbow cassettes
(A)  Experimental  paradigm for  in  vitro  characterisation  of  Binbow  cassettes.  (B)  Example 
images of COS7 cultures transfected with cBinbow and constitutive Cre expressing plasmids. 
(C)  Percentage  of  nBinbow  transfected  cells  expressing  one  or  multiple  reporters.  Data 
expressed as mean ± standard deviation. (D) Percentage of transfected cells expressing two, 
three or all reporters. Data expressed as mean ± standard deviation. (E) Percentage of cells 
expressing  each  reporter  gene  among  transfected  cells  expressing  only  one  reporter.  Data 
expressed as mean ± standard deviation. (F) Experimental paradigm for in vivo characterisation 
of Binbow cassettes. (G) Coronal sections of E18.5 CD1 mouse brains electroporated at E13.5. 
Images show examples of neurons con-electroporated with cBinbow or nBinbow plasmids and 
constitutive Cre expressing vectors. (H) Percentage of nBinbow transfected cells expressing 
one  or  multiple  reporters.  Data  expressed as  mean ± standard  deviation.  (I)  Percentage  of 
transfected cells  expressing two,  three or  all  reporters.  Data expressed as  mean ± standard 
deviation.
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transformed the resulting plasmids in bacterial competent cells. These clones 
were then grown in bacterial cultures and recovered for analysis. Since the 
different recombinant variants arising from Binbow recombination should have 
different sizes, digestion with restriction endonucleases was used for their 
molecular profiling and their consequent assignment to a specific recombinant 
type. In these experiments, we recovered similar fractions of each possible 
configuration in over hundred recombinants quantified, indicating that the 
alternative recombination events occurred with similar probabilities (FIG 3.7K).  
Altogether, these results indicate that Binbow cassettes functioned as 
expected both in vitro and in vitro, highlighting their potential use as a high-
resolution lineage-tracing method. We then proceeded to generate both cBinbow 
and nBinbow mouse Knock-in strains. 
3. DISCUSSION 
Cellular logic of IN genesis
Understanding the cellular principles of IN generation in the embryonic 
subpallium is critical for our comprehension of IN development. In this study, we 
have characterised the diverse morphotypes of progenitor cells populating the 
MGE. Also, we have used a combination of clonal analysis and FT labelling of 
synchronously-dividing progenitor cell cohorts to study the mitotic patterns of 
these stem cells.  
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(J) Percentage of cells expressing each reporter gene among transfected cells expressing only 
one reporter. Data expressed as mean ± standard deviation. (K) Percentage of total recombinant 
clones observed in each possible configuration after in vitro recombination of Binbow vectors. 
N = 3 cultures (C-E); 3 brains (I, J); 100 colonies (K). Scale bars 200μm.
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Two main types of progenitor cells have been described in the MGE; self-
renewing progenitors undergo several rounds of cell division across different 
embryonic stages, sustaining the constant production of cortical INs. 
Intermediate progenitor cells divide a limited number of times, leading to the 
quick generation of postmitotic cells before getting exhausted. Self-renewing 
progenitors are thought to reside in the VZ exclusively, while IPCs seem to be 
present in different locations. In the cerebral cortex, for instance, SNPs are 
considered as apical IPCs residing in the VZ (Stancik et al., 2010; Tyler and 
Haydar, 2013), and this notion has been recently translated to the subpallium 
(Kelly et al., 2019). Multipolar SVZ progenitors are thought to behave as IPCs in 
both cortex and MGE, (Kelly et al., 2019; Miyata, 2004; Noctor et al., 2004). 
The most common view of neurogenesis in both regions considers that IPCs are 
typically generated by self-renewing apical progenitors.  
Our results indicate that a large fraction of mitosis in the MGE/POA 
corresponds to IPC divisions, since their progenies did not include self-renewing 
apical progenitors. Surprisingly, most of these divisions were expansive, 
generating small groups of neurons typically larger than 2 cells. Thus, in sharp 
contrast with cortical IPCs, these cells seem to undergo several rounds of 
division before dividing terminally.  
Intriguingly, IPCs derived from self-renewing apical progenitors only 
undergo expansive divisions in half of the cases. This contradiction raises the 
question about the origin of expansive IPCs. One possibility would be the 
existence of a population of expansive IPCs that do not originate from the self-
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renewing apical progenitors. For instance, at the moment of MADM labelling, 
self-renewing apical progenitors in the MGE might share the VZ with a 
population of apical IPCs prone to undergo a few rounds of division, as described 
for SNPs in the cerebral cortex. In line with this idea, our morphological analysis 
of MGE progenitor cells identified a large fraction of apical MGE progenitors 
lacking basal processes, similar to the morphology of cortical SNPs. This view 
is, however, in disagreement with our FT labelling experiments. In such 
experiments, we observed a large fraction of VZ-derived basal progenitor cells 
dividing shortly after the invasion of the SVZ, and generating progenies that 
maintain their progenitor fate to a large extent. This suggests that these basal 
progenitors undergo multiple rounds of division before dividing terminally to 
generate postmitotic cells, further evidencing the existence of expansive 
divisions in the SVZ.  
Alternatively, sub-lineages containing only two cells may correspond to 
expansive IPCs that only divided once before fixation, but were meat to do it 
again shortly. This view is further supported by previous data indicating that cell 
divisions in the LGE become faster as lineage progresses. In this structure, cell 
divisions in the VZ are slower, and become progressively faster in IPCs as the 
move towards the SVZ (Pilz et al., 2013). Further analysis of a larger numbers of 
MGE/POA lineages will help to clarify this point. 
We also observed that self-renewing progenitor cells in the MGE seem to 
generate neurons through direct neurogenesis in 50% of their mitotic divisions. 
This finding seem to contrasts with our FT experiments, in which we observed a 
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large proportion of Ki67+ progenitor cells (~72.5%) among total SVZ cells 
derived from apical progenitor divisions. However, these results are, to our view, 
compatible. The large clonal size of our MGE/POA MADM labelled lineages 
indicates that MGE progenitor cells may divide at least 3 times within 24h, 
suggesting a total cell cycle length of 8 to 10h. Thus, the initial population of 
IPCs generated via apical divisions could have replicated on their route towards 
the SVZ. Since, in light to our results, at least some of these divisions generate 
other IPCs, these divisions could have expanded the initial pool of IPCs, 
ultimately increasing the fraction of FT labelled progenitor cells in the SVZ.   
Although these results seem to indicate that mitotic patterns underlying 
interneuron generation present clear differences with those observed in the dorsal 
pallium, they should be taken with caution. The number of MADM lineages 
analysed to date is still too small to be considered conclusive, and only further 
work will provide definitive evidence of the cellular logic underlying IN 
generation.  
Lineage tracing in cortical INs
In the present study, we have designed and tested a novel multicolour lineage 
tracing system as a strategy to map the development of interneurons lineages. 
The Binbow system uses two complementary genomic cassettes that induce the 
stochastic expression of one of four alternative reporters in two subcellular 
localisations. The combined use of cBinbow and nBinbow cassettes thus leads to 
the ultimate labelling of targets cells with a unique colour code out of 16 
different possibilities. Paired with the induction of Cre recombinase activity at 
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clonal levels, this system will represent a powerful tool for the identification of 
lineage relationships.  
The proper function of this system relies on two key components of the 
Binbow construct: four incompatible lox site pairs and four distinguishable 
reporter genes. Our results indicate that the selected lox pairs are able to 
efficiently recombine with their exact copy, but not with any the other pairs in 
the system. We have also selected four reporter alleles which are distinguishable 
both in fluorescent spectra and via recognition with specific antibodies. Our 
design includes three fluorescent reporters, ensuring the compatibility of the 
Binbow system with in vivo applications, which rely in the detection of the 
endogenous fluorescence of the reporter. The fourth reporter consist in a LacZ 
cassette, which does no exhibit endogenous fluorescence, and thus, may either be 
detected via immunostaining or avoided when required. This gives us the 
opportunity to use the far-red wavelength channel for other purposes (i.e., 
detection of IN identity markers, birthdate analysis, etc.) at the expense of a 
reduced resolution of the system.  
Our functional characterisation of Binbow cassettes indicates that the 
system exhibits all the desired features anticipated during its design. It functions 
as a Cre-inducible system, since no detectable fluorescent signal was observed in 
the absence of Cre recombinase activity. In addition, all four reporter genes are 
detected after Cre-mediated recombination both in vitro and in vivo. Finally, the 
four alternative recombination events happen with similar probability, ensuring 
the balanced expression of each combination of nuclear and cytosolic tags.  
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Although it lacks the extremely high resolution of multicolour RGB 
systems or genetic barcoding strategies, the Binbow system presents numerous 
advantages over previous lineage tracing methods, which make it ideal for such 
purposes. First, its genome-encoded nature ensures the detection of entire 
lineages, avoiding the risk of genome silencing inherently linked to viral 
strategies. Second, the detection of lineage relationships relies on the expression 
of a specific combination of reporter genes, circumventing the necessity to 
recover and map genome sequences into traced cells. This makes lineage 
reconstruction remarkably simple, and prevents the loss of a fraction of traced 
cells often linked to these procedures. Finally, one of the most important 
advantages of the Binbow system is its binary nature. In this system, the simple 
presence or absence of the reporter cassettes is used to identify their lineage 
relationships. Diverse RGB labelling systems, such as Brainbow (Can et al., 
2013; Livet et al., 2007), CloNe (Garcia-Moreno et al., 2014), or Startrack 
(García-Marqués and López-Mascaraque, 2012) use the introduction of multiple 
fluorescent proteins in high copy number, providing a better resolution in terms 
of a larger number of possible outputs. However, the introduction of multiple 
copies of each protein may lead to potential misinterpretation of lineage 
relationships, making them less trustable for such purpose, as previously 
discussed. In contrast, the Binbow system does not require the measurement of 
fluorescent intensity in each channel, and hence circumvents the potential 
misinterpretation of lineage relationships that limits RGB systems. 
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Despite evading most of these caveats, the Binbow system presents an 
obvious drawback in form of a limited (sixteen-depth) resolution. Such fact 
would, however, not limit the utility of this tool if the amount of starter cells 
traced were to be very small (i.e. of the order of units), so that the chances of 
sharing the code when not sharing lineage would be exceptionally reduced. Thus, 
this system would be an advantageous tool for lineage tracing when combined 
with a fine control of Cre activity, triggering the combinatorial labelling in a 
small amount of cell lineages. This would make the 16 colour code sufficient to 
faithfully recognise lineage relationships. Such control of Cre activity could be 
achieved in different ways, such as the injection of low doses of tamoxifen or the 
delivery of viral cassettes at very low titer, as described in the previous chapter.  
In conclusion, while the resolution of the Binbow system is limited 
compared to other multicolour labelling systems, controlling the number of 
recombination events minimises this caveat. Under the appropriate 
circumstances, a 16-depth resolution code would suffice to reliably reconstruct 
mapped lineages, making it a simple, resolute, and reliable tool to map cell 
lineages in vivo. 
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The fascinating functions of the cerebral cortex emerge from complex cellular 
circuits composed by two main classes of neurons, excitatory pyramidal cells and 
inhibitory interneurons. The diverse neuronal fates that compose these groups 
arise from parallel developmental mechanisms that share fundamental principles 
but have different peculiarities. In this thesis, I have investigated the mechanisms 
underlying the generation of these two main classes of neocortical neurons. I 
have used multiple approaches to reliably map PC lineages from development to 
adult life. I have also developed a novel strategy to identify lineage relationships 
of cortical INs after migration to cortical territories, and studied the cellular 
principles of their genesis in the embryonic subpallium. In the following 
sections, I will discuss my main findings in the context of previous work.  
Stochastic generation of PC diversity
The diverse PC fates that constitute the excitatory cell population of the adult 
cerebral cortex are known to arise from a population of radial glial progenitor 
cells in a temporally organised manner. However, the contribution of individual 
RGCs to the final composition of the cerebral cortex has been a matter of intense 
debate. Some studies observed that RGCs generate columnar progenies 
containing cells across the different cortical layers (Gao et al., 2014; Guo et al., 
2013; Kaplan et al., 2017), while others detected progenies exclusively 
constituted by neurons with restricted laminar fates (Franco et al., 2012; García-
Moreno and Molnár, 2015). These discrepancies have been previously attributed 
to technical limitations in the different approaches used to map the outcomes of 
single progenitor cells (Eckler et al., 2015; Gil-Sanz et al., 2015). In this study, 
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we used a combination of methods that, together, elude the limitations of 
individual approaches, providing a comprehensive picture of the developmental 
logic behind the generation of PC diversity in the murine developing cortex. 
Our results indicate that the output of single RGCs is extremely 
heterogeneous in both the number of cells and the cell fates generated. Some 
lineages contained cells in all cellular layers of the neocortex, while others were 
constituted of diverse subsets of laminar fates, including a small fraction of 
lineages containing cells exclusively in superficial or deep cortical layers. These 
results are compatible with a stochastic framework of PC generation, in which 
RGCs develop through a temporal sequence of competence states with different 
probabilities of generating PCs during these temporal windows. Hence, despite 
sharing the basic molecular programmes, progenitor cells seem able of 
generating a wide diversity of variable and unpredictable outcomes, which are 
stochastic samples of the entire PC diversity. This works also follows previous 
studies that modeled cortical neurogenesis both at population and clonal level 
(Picco et al. 2018; Picco et al. 2019) and identified key parameters that could 
have strong effects in this process.  
In our model, the probability to generate a given cell fate could reflect a 
number of different biological factors that can potentially impact in the 
neurogenic behaviour of individual progenitor cells. 
First, the speed at which progenitor cells divide could be used to regulate 
the number of neurons produced during each competence window. For instance, 
a progenitor cell could divide relatively fast at early developmental windows and 
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then slow down its mitotic activity as development proceeds. This will generate a 
lineage enriched in deep (early born) layer neurons. The control of cell cycle 
speed may also be used to prevent cell division during the entire temporal 
window of a competence state, consequently eluding the generation of certain 
cell fates. Such regulatory mechanism, however, would demand a cell cycle-
independent progression of the temporal sequence instructive of the cell fate. 
Supporting this view, recent studies have reported that temporal changes in gene 
expression experienced by cortical progenitors in vitro are indeed independent of 
cell division (Okamoto et al., 2016). In addition, progenitors that had their cell 
cycle arrested at early stages generate late PC fates when are allowed to divide at 
later stages, indicating that these cells are capable to progress in their temporal 
sequence despite the early blocking of mitosis. Studies measuring cell cycle 
duration in cortical progenitor cells are also consistent with this hypothesis. 
These studies have reported intriguing variations in the cell cycle length of 
cortical progenitors over the course of development. Overall, cell cycle is known 
to lengthen as development proceeds (Martynoga et al., 2005; Takahashi et al., 
1995), a notion consistent with the idea that neurogenic progenitors have 
different cell cycle dynamics than proliferative progenitors (Calegari, 2005). 
These differences have also been described in studies comparing apical and basal 
progenitors in the murine cortex (Arai et al., 2011; Salomoni and Calegari, 
2010). Such changes in cell cycle length, however, have exclusively been 
measured at population levels. Thus, at this point it is impossible to distinguish 
whether such changes should be attributed to synchronic changes affecting the 
entire population of cortical progenitor cells or to a large variation of cell cycle 
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speeds among individual progenitor cells. The later scenario would support the 
fine regulation of the mitotic kinetics of individual progenitor cells, a powerful 
mechanism to instruct their final output. Remarkably, this precise control of cell 
cycle kinetics has been previously related to the generation of region-specific 
rates of PCs (Dehay and Kennedy, 2007). 
Second, the mode of division used by progenitor cells during each 
competence window may also impact the final composition of the lineage. 
Hence, RGCs could generate different IPC/neuron ratios during different 
temporal windows, evoking the generation of unbalanced fractions of the 
different PC fates in the nascent lineage.  
Third, the temporal length of each competence window could also be 
subject of variation among individual progenitor cells, consequently increasing 
or reducing the likelihood of producing cells of the corresponding fates. 
Drosophila embryonic NBs represent a good example of this type of regulatory 
logic. Although based in shared molecular principles, temporal progression of 
different NBs seems able to deviate from the canonical pathway. Remarkable 
changes in the length of the different expression windows, even omitting the 
expression of some temporal TFs in certain cases, have been described (Doe, 
2017). Interestingly, our MADM dataset showed that individual progenitor cells 
labelled at the onset of neurogenesis generate different cell fates in parallel 
divisions. Progenitor divisions at E12.5 generated layer VI neurons in most 
lineages, but a fraction of synchronous mitosis gave rise to layer V PCs.  This 
reflects a certain degree of asynchrony in RGCs, consistent with previous data 
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(Magrinelli et al., 2018). This observation further supports the notion that 
differentially regulated temporal dynamics coexist among progenitor cells in the 
mammalian cortex.   
Importantly, the potential of these different mechanisms to regulate the 
output of individual progenitor cells is likely to be additive. These regulatory 
strategies could be, and probably are, used in combination for a sophisticated and 
robust control of cortical neurogenesis, providing great flexibility to the 
neurogenic behaviour of individual progenitor cells. 
Several lines of evidence suggest that fate specification in the cerebral 
cortex initially relies on molecular programmes intrinsically encoded in RGCs 
(Gaspard et al., 2008; Shen et al., 2006a), but receptive to be regulated by 
external influences (Desai and McConnell, 2000; Oberst et al., 2019; Okamoto et 
al., 2016). Cortical progenitors are thought to be exposed to a complex code of 
extrinsic signals, acting as potential regulators of their neurogenic behaviour 
(Reillo et al., 2017). This is highlighted by recent reports indicating that nascent 
cortical neurons acquire more ‘extroverted’ fates as neurogenesis proceeds, being 
progressively more sensitive to the surrounding environment (Telley et al., 
2018). This continuous dialog between internal programmes and external signals 
is likely to influence fate specification in the developing cortex, potentially 
regulating RGC cell cycle kinetics, mode of division, and temporal progression, 
and therefore, ultimately controlling their neuronal output. 
Diffusive signals of diverse nature could play important roles in the 
regulation of cortical progenitor cell behaviour. Indeed, the location of RGCs and 
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their extension of apical processes in contact with the ventricular surface places 
them in a privileged position to receive influences from the cerebrospinal fluid, 
which is known to contain diverse regulatory cues (Borrell et al., 2012; Lehtinen 
and Walsh, 2011; Lehtinen et al., 2011). Also, the basal process of these stem 
cells seems to exhibit multiple varicosities and short ramifications along their 
vertical extension (Rakic, 1973; Sidman and Rakic, 1972), a feature that has been 
previously related to the detection of environmental signals (Errede et al., 2014). 
Diverse cell populations can source the aforementioned signals. Cajal-Retzius 
cells, for example, are well known for their secretory role in cortical 
neurogenesis, regulating the radial migration of PC via Reelin signalling 
(Caviness, 1982; Rice and Curran, 1999). Similar roles of this transient cell 
population in the regulation of other aspects of neurogenesis are thus imaginable. 
In addition, it is conceivable that RGCs may generate paracrine signalling, 
regulating the activity of surrounding progenitors. Finally, the nascent progeny 
has been reported to provide feedback signalling onto their progenitor cells 
(Anton et al., 1997; Seuntjens et al., 2009), potentially regulating their output to 
control the balance of neuronal fates. This kind of feedback control of progenitor 
performance has been previously described in other neural systems, like the 
mammalian retina (Cepko, 1999).  
The secretion of diffusive signals, however, is only one of several possible 
paths mediating progenitor-progeny interactions. Newly generated PCs in the 
developing cortex migrate radially following the basal processes of RGCs, a 
mechanism that implies an intimate contact between these cells. Consequently, 
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potential interactions through cell adhesion-mediated signalling could be taking 
place during this process, representing an alternative route through which 
postmitotic neurons could influence the performance of their stem cells. 
Consistently, contact-mediated Notch-Delta signalling from both PCs and IPCs 
onto RGCs is known to be necessary for the maintenance of RGC stem cell fate 
(Nelson et al., 2013; Yoon et al., 2008). Interestingly, the normal temporal 
progression of RGCs seems to be compromised in culture conditions that prevent 
physical contacts with other progenitors and their nascent progenies (Okamoto et 
al., 2016), which suggests a regulatory role for these contacts in controlling 
temporal patterning and fate specification in the cerebral cortex.  
Finally, activity dependent mechanisms have also been proposed to 
participate in the regulation of cortical neurogenesis. Thalamic afferents are 
known to influence cell cycle kinetics in RGCs, consequently tuning their 
neuronal output, and perhaps, controlling the appearance of the cytoarchitectonic 
differences that define cortical areas. In addition, the neurotransmitters glutamate 
and GABA have been shown to severely influence the proliferative dynamics of 
cortical progenitors in vitro (LoTurco et al., 1995), which suggests a possible role 
of both excitatory and inhibitory neurotransmission in controlling the 
performance of cortical progenitors. Such mechanisms could work via 
juxtaposed delivery of neurotransmitters onto RGC fibres or cell bodies, or 
through volumetric transmission of these signals.  
The translation of environmental signals to internal changes in progenitor 
cell states can follow diverse routes, from the activation of classic molecular 
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pathways in response to external cues to more sophisticated mechanisms 
involving electric signals. For instance, recent reports indicate that some classical 
signalling molecules are able to modulate the generation of calcium waves at the 
basal process of RGCs (Rash et al., 2016), which seems to propagate across their 
cell body, ultimately regulating the genesis of PCs (Weissman et al., 2004). In 
addition, the membrane potential of RGCs has been recently described to 
experience changes during the course of development, changes that seem to 
influence the signalling of classic diffusive signals, such as Wnt, and have been 
linked to the temporal progression of these cells (Oberst et al., 2019; Vitali et al., 
2018).  
In sum, cortical progenitors seem to be exposed to an exquisitely 
sophisticated code of intrinsic and extrinsic signals regulating neurogenesis. The 
interaction of these signals should be capable of fine-tuning cell cycle kinetics, 
mode of division, and temporal progression of individual RGCs. Therefore, the 
ultimate control of RGC output would be performed through probabilistic, rather 
than invariant rules, as supported by our results based on the analysis of 
individual lineages. The broad, population-level regulation of these probabilities 
would ensure the collective generation of balanced ratios of cell identities, while 
allowing progenitor cells to exhibit flexible neurogenic fates, as observed in our 
experiments.  
The use of developmental regulatory mechanisms subjected to stochastic 
rules provides multiple benefits in the construction of biological machineries 
(Johnston and Desplan, 2010). A major advantage, for instance, is its flexibility, 
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allowing progenitor cells to adapt their output in response to different 
circumstances. Such flexibility also endows the system with an important degree 
of robustness, since dysfunction or even loss of a group of progenitor cells can be 
rescued via modulation of the general population, ensuring the structural 
integrity of the nascent organ. In addition, I propose that such flexibility can be 
used to regulate the assembly of the very diverse cytoarchitectures that exist in 
different regions of the cerebral cortex. The generation of regional-specific ratios 
of different PC fates could be achieved through the local control of progenitor 
cell behaviours, rather than by establishing region-specific progenitor 
populations instructed by distinct intrinsic programmes. Our in silico models 
support this hypothesis. Hence, fine tuning of the probability values instructing 
progenitor neurogenic behaviours lead to the generation of very different ratios 
of laminar fates, easily replicating those observed in different regions of the 
cerebral cortex. In agreement with this idea, lineages located in different cortical 
regions often exhibit differences in their composition, thereby reflecting the 
particular cellular architecture of that region. For example, lineages lacking layer 
IV were especially frequent in motor, cingulate, and retrosplenial cortices (data 
not shown), which are known to have very few neurons in such layer. 
Unfortunately, the quantity of linages mapped in our study, although high for the 
standards of clonal analyses, is insufficient to provide conclusive evidence of 
regional differences in lineage composition, especially in the smaller areas where 
less lineages were found.  
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It is currently well established that the delineation of the various cortical 
regions that exist in the adult cortex depends on spatial patterning cues during 
early development (Greig et al., 2013). However, at neurogenic stages, little 
evidence for regional heterogeneity in the molecular signatures of RGCs has 
been provided (Pollen et al., 2015; 2014; Telley et al., 2016), suggesting that a 
molecularly homogeneous population of RGCs could account for the genesis of 
different cortical areas. Such early cues, could mediate the regulation of the 
diverse intrinsic and extrinsic factors that take part in the complex regulatory 
logic discussed above, representing an interesting model in which the early 
spatial patterning participates in the posterior modulation of progenitors temporal 
progression.   
In summary, our study describes how relatively simple developmental 
mechanisms, coupled with sophisticated regulatory logics, can endow cortical 
progenitor cells with the required flexibility to behave in remarkably different 
ways. This would make them capable of building very diverse cytoarchitectures. 
Despite their novelty, these findings should not catch us by surprise. Biology, just 
like language or music, seems to excel in the use of very simple principles to 
generate extremely complex and diverse machineries. The genetic code, for 
instance, illustrates this outstanding ability. In my view, we are just before 
another great example of this universal biological property, through which nature 
seems to exhibit its most elegant signature. 
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Development of IN lineages
Despite our growing understanding of IN diversity, development and function 
(Lim et al., 2018a), the cellular principles regulating the generation of INs in the 
developing subpallium remain surprisingly obscure, precluding an complete 
notion of the developmental origins of IN diversity. In this thesis, I describe a 
very distinctive mitotic behaviour for progenitor cells in the MGE, with a 
sizeable fraction of them dividing quickly several times before undergoing an 
early terminal division. This would lead to the synchronous generation of small 
groups or “bursts” of INs within a few hours. This mode of neurogenesis may 
explain some of the apparently contradictory results found in previous studies 
that, in spite of severe technical limitations, ventured to describe the cellular 
composition and spatial distribution of individual IN lineages using different 
experimental strategies (Brown et al., 2011; Ciceri et al., 2013; Harwell et al., 
2015; Mayer et al., 2015).  
Progenies of putative single MGE/POA progenitor cells labelled with 
reporter retroviruses were found to organise into small (4-6 cells), spatially-
segregated clusters in the adult brain (Brown et al., 2011; Ciceri et al., 2013). 
These findings led to the suggestion that IN migration and final allocation in the 
developing cortex was somehow encoded in the progenitor cells, and thus 
common to the entire lineage. However, later studies using retroviral-mediated 
genetic barcoding in cortical INs concluded that lineage-related cells may 
disperse widely among cortical regions, even crossing large anatomical 
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boundaries (e.g., basal ganglia and neocortex) in a minority of cases (Harwell et 
al., 2015; Mayer et al., 2015).  
In light of our observations regarding the cell biology of IN generation, 
these results may not be completely irreconcilable. A conciliated view of these 
results could consider that apical progenitor cells in the MGE generate sequential 
waves of intermediate progenitors that subsequently expand over a few divisions, 
as observed in the LGE (Pilz et al., 2013). This will lead to the generation of 
synchronous cohorts of INs. Such cohorts would therefore share lineage 
relationships and spatiotemporal origin, being also exposed to a common 
environment. Given these premises, it is therefore not hard to imagine that their 
shared origin would influence their coordinated migratory behaviour and 
colonisation of adjacent cortical regions. In this case, the nature of local clusters 
might not be completely clonal, but instead arise from multiple spatially-related 
progenitors as previously suggested (Ciceri et al., 2013). Subsequent cohorts, 
potentially containing different cell fates, would then migrate to different cortical 
regions. In line with this idea, other germinal regions of the mammalian 
subpallium seem to follow a similar logic. LGE progenitors, for instance, have 
been proposed to generate different striatal cell fates through sequential waves of 
IPCs (Kelly et al., 2018). 
In the proposed scenario, the apparent contradictions between the two 
datasets could simply be explained by the technical limitations of each of the 
experimental approaches used. Classic retroviral fate-mapping lacks the required 
resolution to reliably identify unique lineage relationships, since labelling 
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systematically includes more than a single apical progenitor cell. On the other 
hand, the recovery of the viral genome contained in traced cells is extremely 
inefficient in genetic barcoding experiments, which leads to the incomplete 
reconstruction of IN lineages. The spatial clusters identified with reporter 
retroviruses could reflect IPC-derived cohorts, and thus, multiple spatial clusters 
located distantly could indeed derive from common progenitor cells. Consistent 
with this view, spatial clusters of cortical INs tend to be composed of INs with 
shared birthdates (Ciceri et al., 2013). Distant sister neurons, in contrast, would 
correspond to different temporal cohorts.   
This model is only one of several possible interpretations that could 
conciliate these data, and further studies on this matter will be required to fully 
understand this aspect of IN development. Such studies would however be 
primarily limited by our knowledge about the cellular dynamics of IN 
neurogenesis, and our capacity to reliably map the cellular components of IN 
lineages and their spatial dispersion. It is here were additional studies on the 
dynamics of IN neurogenesis, together with the introduction of novel high-
resolution lineage mapping technologies, such as the Binbow system described in 
this thesis, will be indispensable.  
Fate and freedom in cortical neurogenesis: An integrated 
view of PC and IN fate-specification
The study of the cellular mechanisms for the genesis of both excitatory and 
inhibitory neurons carried in this thesis has revealed that the development of 
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these two large classes of neurons shares common principles, but also exhibits 
some important differences that likely reflect their functional specialisation.  
The specification of both classes of neurons commences with the 
segregation of progenitor cells into several spatial domains, defined by the 
expression of certain combinations of TFs. In the dorsal pallium, these early 
spatial patterning events delineate the presumptive “protomap” that will lead to 
the appearance of distinct functional regions of the mature cortex, typically with 
unique cytoarchitectonic patterns (Greig et al., 2013). In the subpallium, 
patterning events delineate the various structures that generate cortical INs (Xu et 
al., 2010), and perhaps further regionalise them into smaller domains with 
specialised neurogenic capabilities (Flames et al., 2007; Fogarty et al., 2007; He 
et al., 2016; Torigoe et al., 2016). One important difference between these two 
processes is that while cortical RGCs in the different presumptive areas seem to 
retain the capacity to generate all cardinal classes of excitatory pyramidal cells, 
such capacity seems to be segregated in subpallial progenitors. Hence, IN 
progenitors in different subpallial structures are known to exclusively produce 
certain subclasses of INs (Butt et al., 2005; Xu, 2004). In contrast, our lineage 
tracing data corroborates the idea that individual RGCs are able to generate a 
large diversity of excitatory PCs. 
Several reasons could explain this divergence of developmental strategies. 
For instance, the molecular profile of different IN subclasses might be 
significantly less similar than those of different PC. Thus, they may require more 
specific, and thus segregated, developmental programmes for their specification. 
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Cardinal subclasses of PCs, in contrast, might share the bulk of their molecular 
signatures, and thus could be specified via remarkably similar developmental 
programmes. Such programmes could therefore be easily be triggered by the 
same progenitor cells. In line with this idea, although the adult transcriptomic 
diversity of excitatory PCs is remarkably large (Tasic et al., 2018; 2016), the 
morphological and physiological properties of PCs are known to be less variable 
than those exhibited by the different types of INs (DeFelipe et al., 2013). This 
suggests that the earliest steps in their differentiation route might be similar in 
the different PC types, using a few selector genes to trigger the molecular 
pathways that establish their core molecular identities. Further downstream 
mechanisms taking place in postmitotic cells could then be responsible for their 
precise differentiation into region-specific projection subtypes. Alternatively, 
these differences might be understood as a consequence of the developmental 
history of each class of neurons. PCs are born close to their adult location, 
whereas INs migrate long distances to reach their final destination. Cortical 
computation requires the collective action of diverse types of PCs across the 
different regions of the cerebral cortex. Therefore, the spatial segregation in the 
origin of these different types would have imposed major constrains in cortical 
development. One can imagine a scenario where spatial patterning is the primary 
mechanism specifying different pools of progenitor cells restricted for the 
generation of certain types of excitatory neurons. In such scenario, PCs would be 
forced to migrate tangentially from their place of origin, in order to invade the 
different cortical areas, significantly increasing the complexity of the process. 
Thus, the specification of the diverse PC identities via temporal patterning 
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mechanisms seems the most parsimonious strategy for the genesis of these cells, 
allowing them to remain close to their place of birth. Cortical INs, in contrast, are 
condemned to migrate tangentially given their subpallial origin. Thus, the spatial 
segregation in the origin of different classes represents a cheap luxury for them, 
and would not further complicate their development.  
After the initial patterning events, most progenitor cells generating both 
excitatory PCs and INs seem to retain a multipotent fate, being capable of 
producing diverse neuronal types. Our findings regarding the development of 
excitatory PC lineages are, to some extent, compatible with the classic paradigm. 
In this paradigm the different types of PCs are established via temporal 
specification, using a mechanism similar to the molecular clocks described for 
Drosophila NBs (Doe, 2017; Pearson and Doe, 2004) This process would, 
however, be controlled by stochastic regulatory rules. Consistent with this view, 
the outcome of RGCs in the developing cortex often contains cells of different 
fates. IPCs, in contrast, exhibit a more restricted potential, typically generating 
cells confined to one or two adjacent layers. Whether similar mechanisms 
account for the generation of IN fates remains unexplored. The small number of 
clonal studies available suggests however that at least some MGE/POA 
progenitors are capable of generating both PV and SST interneurons. Hence 
exhibiting a multipotent fate similar to their pallial counterparts (Harwell et al., 
2015; Mayer et al., 2015). Nevertheless, since these studies likely map 
incomplete lineages due to the limitations discussed above, the neurogenic 
potential of IN progenitors may have been underestimated. The diverse temporal 
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biases described for the origin of different IN types (Inan et al., 2012; Miyoshi et 
al., 2007; Taniguchi et al., 2013) suggest that this multipotent fate may also be 
achieved via temporal patterning mechanisms similar to those observed in the 
cerebral cortex. However, in light of our results, the temporal regulation of IN 
fate specification is likely far more complex than the corresponding processes in 
the pallium. For example, the MGE exhibits very complex mitotic patterns, with 
a large fraction of progenitor cells undergoing expansive divisions that lead to 
the quick exhaustion of the lineage. It is therefore difficult to predict at which 
stage of this ramified pattern of division the temporal sequence may reside. One 
possibility could be a stochastic mechanism governing both the mode of division 
and the fates of the nascent progenies, as described in the fish and mammalian 
retina (Gomes et al., 2010; He et al., 2012). Alternatively, if these expansive 
divisions take place in IPCs arising from a population of self-renewing 
progenitors, the temporal progression could occur in those cells. IPCs would then 
act as an expansive step with restricted potential imposed by the general 
temporal progression, as observed in the cerebral cortex. Finally, nested temporal 
progressions could take place in self-renewing and intermediated progenitor 
cells, mirroring the temporal patterning mechanisms described for Drosophila 
type II NBs (Bayraktar and Doe, 2014). In any case, much work is needed to 
reach an understanding of the mechanisms regulating the genesis of INs 
comparable to our current notion of PC generation.  
Notwithstanding the evidence of multipotent fate in neural progenitor cells, 
a number of recent studies postulated the existence of fate-restricted populations 
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of progenitor cells in both pallium and subpallium, a view that has found strong 
resistance in the scientific community. Our experiments revealed a small but 
relevant fraction of cortical progenitor cells that generate laminar-restricted 
lineages, consistent with previously reported findings. Fate-mapping experiments 
in Cux2-expressing RGCs in the dorsal pallium revealed a strong tendency of 
those cells to generate a dominant fraction of superficial layer neuronal fates 
(Franco et al., 2012), which led to the conclusion that Cux2+ progenitor cells are 
committed to the exclusive generation of superficial layer PCs. This notion was 
further strengthen by similar findings using a different strategy (García-Moreno 
and Molnár, 2015). Interestingly, a similar conclusion has been reached for 
subpallial progenitor cells. Although MGE-derived INs are known to be 
generated in an inside-out pattern (Miyoshi et al., 2007; Sultan et al., 2018), INs 
destined to occupy deep or superficial cortical layers seem to arise from different 
progenitor pools (Ciceri et al., 2013). In addition, recent studies propose that two 
different populations of MGE progenitor cells preferentially generate SST or PV 
INs (Petros et al., 2015). These findings are however a matter of current debate, 
since definitive evidence of fate-restriction in any of these two systems has yet to 
be provided. For instance, the increased ratios of superficial layer neuronal fates 
produced by the putative fate-restricted Cux2-expressing progenitor cells are 
insufficient evidence of fate-restriction. Indeed, later clonal studies in Cux2+ 
RGCs revealed an enrichment in the production of superficial layer neuronal 
identities, but these clones often contained a fraction of deep layer neurons 
(Eckler et al., 2015; Gil-Sanz et al., 2015). This observation suggests a 
preferential generation of superficial neurons, rather than an absolute fate-
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restriction, in these progenitor cells. Our mathematical modelling supports this 
notion, since the inclusion of multipotent progenitors tuned to preferentially 
generate superficial neurons, is sufficient to generate the fraction of superficially 
restricted lineages observed in our experiments. Thus, while the coexistence of 
parallel developmental programmes is possible and even likely in light of our 
results, such programmes would not necessarily imply a restriction, but rather a 
tuning of the preferential generation of certain cell fates, while progenitor cells 
retain their multipotent fate. Such paradigm would, moreover, be strongly 
consistent with the observations regarding Cux2+ RGC fate-mapping 
experiments. 
Although less controversial, the laminar restriction of MGE lineages, and 
the existence of differentiated progenitor pools for the genesis of SST and PV 
cells should also be put in context. Our short-term analysis of lineage 
development in this structure indicates that IN lineages might reflect a complex 
mixture of events, and clonal labelling may occur at different points of the 
ramified lineage. For instance, the observed lineages could reflect the output of 
fate-restricted expansive IPCs derived from multipotent self-renewing 
progenitors, as discussed above. Whether the segregation of cell fates occurs at 
the start of the lineage or at any of the different branching points remains to be 
unravelled and should be the subject of further research.  
These discrepancies in developmental strategies used by PCs and INs 
should also be considered in the context of mechanisms that are beyond the 
scope of this thesis. For instance, a large number of cortical INs undergo 
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programmed cell death during the first two postnatal weeks in mice (Southwell et 
al., 2012; Wong et al., 2018), a mechanism thought to ensure the final balance of 
neuronal types in cortical circuits. PCs, on the other hand, seem to be less 
influenced by this process, with a significantly smaller fraction of them 
undergoing programmed cell death. This fact highlights the importance of a fine 
control in the generation of different PCs in balanced ratios, since these numbers 
will not undergo an extensive correction via cell death. This justifies the 
existence of robust mechanisms for the generation of cell fates and their 
regulation under stochastic and flexible logics. INs on the other hand, seem to 
enjoy a higher degree of freedom in the mechanisms underlying their origin and 
sculpt their final numbers via programmed cell death. Thus, while the existence 
of highly stereotyped and organised patterns for the genesis of IN diversity 
remains to be investigated, they might not be strictly necessary for their 
successful development and function. The discovery of heterogeneous patterns of 
division in IN progenitors might reflect this freedom.  
In conclusion, the development of excitatory and inhibitory neurons in the 
cerebral cortex exhibits remarkable differences that, under appropriate 
interpretation, may provide interesting links between neuronal development, 
physiology and function. This emphasises the importance of a deep 
understanding of brain development for the comprehension of adult brain 
function.  
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Figure 2.1 Measurement Values N Statistical P value
Figure 2.1D
Number of neurons 
per lineage 
(Top:mean ± SEM 
Bottom: median ± IC 
distance)
E9.5: 199.23 ± 28.83; E10.5: 59.62 ± 8.02; 
E11.5: 13.04 ± 0.94; E12.5: 6.14 ± 0.27; E14.5: 
2.84 ± 0.17                                                                                                             
E9.5: 219 ± 178; E10.5: 46 ± 51.5; E11.5: 11 ± 
26; E12.5: 5 ± 11; E14.5: 3 ± 2
[Clones] E9.5, n = 13; E10.5, n = 21; E11.5, 
n = 51; E12.5, n = 73; E14.5, n = 32; [Brains] 
E9.5, n = 4; E10.5, n = 3; E11.5, n = 5; 
E12.5, n = 7; E14.5, n = 3
One cell: E9.5: 0%; E10.5: 0%; E11.5: 18.75%; 
E12.5: 39.15%
[Clones] E9.5, n = 13; E10.5, n = 21; E11.5, 
n = 64; E12.5, n = 166;                         
[Brains] E9.5, n = 4; E10.5, n = 3; E11.5, n = 
5; E12.5, n = 7; 
Two cells: E9.5: 0%; E10.5: 0%; E11.5: 1.56%; 
E12.5: 16.46%
[Clones] E9.5, n = 13; E10.5, n = 21; E11.5, 
n = 64; E12.5, n = 166;                         
[Brains] E9.5, n = 4; E10.5, n = 3; E11.5, n = 
5; E12.5, n = 7
Three or more cells: E9.5: 100%; E10.5: 100%; 
E11.5: 79.69%; E12.5: 44.39%;
[Clones] E9.5, n = 13; E10.5, n = 21; E11.5, 
n = 64; E12.5, n = 166;                         
[Brains] E9.5, n = 4; E10.5, n = 3; E11.5, n = 
5; E12.5, n = 7
Figure 2.2 Measurement Values N Statistical P value
Figure 2.2B
Fraction of lineages 




One: 95.83%; Two: 4.17% [Clones]: n = 296                                  [Brains]: n = 19




lineages  (precentage 
over total)
Translaminar: 63.01%; Deep: 15.07%; 
Superficial: 21.92%
[Clones]: n = 73                                  
[Brains]: n = 7
Number of neurons 
per lineage 
(Top:mean ± SEM 
Bottom: median ± IC 
distance)
Translaminar: 6.96 ± 2.38; Deep: 4.45 ± 0.93; 
Superficial: 4.94 ± 1.24%                                      
Translaminar: 6 ± 4; Deep: 5 ± 1; Superficial: 5 ± 
2%
[Clones]: n = 73                                  





lineages  (precentage 
over total)
Translaminar: 6.67%; Deep: 80%; Superficial: 
13.33%
[Clones]: n = 30                                  
[Brains]: n = 7
Figure 2.3M
Fraction of lineages 
per cortical layer 
(precentage over 
total)
Layer II/III: 4.76%; Layer IV: 19.05%; Layer V: 
17.46%; Layer VI: 58.73%
[Clones]: n = 63                                  
[Brains]: n = 7







Translaminar: 2.78%; Deep: 56.94%; Superficial: 
40.28%
[Clones]: n = 72                                  
[Brains]: n = 12




lineages  (precentage 
over total)
Translaminar: 91.05%; Deep: 6.6%; Superficial: 
1.89%
[Clones]: n = 106                                  
[Brains]: n = 28
Number of neurons 
per lineage 
(Top:mean ± SEM 
Bottom: median ± IC 
distance)
Translaminar: 8.05 ± 2.83; Deep: 4.00 ± 1.00       
Translaminar: 8 ± 3; Deep: 4 ± 1
[Clones]: n = 106                                  
[Brains]: n = 28








Translaminar: 80.71%; Deep: 7.11%; Superficial: 
12.18%
[Clones]: n = 106                                  
[Brains]: n = 28




lineages  (precentage 
over total)
Translaminar: 75.38%; Deep: 13.46%; 
Superficial: 11.15%
[Clones]: n = 260                                  
[Brains]: n = 25
Number of neurons 
per lineage 
(Top:mean ± SEM 
Bottom: median ± IC 
distance)
Translaminar: 7.22 ± 2.37; Deep: 3.77 ± 1.29; 
Superficial: 4.90 ± 1.82                                           
Translaminar: 7 ± 4; Deep: 3 ± 1; Superficial: 4 ± 
2.5
[Clones]: n = 260                                  
[Brains]: n = 25
Figure 2.8 Measurement Values N Statistical P value
Figure 2.8E
Fraction of lineages 
containing 3 to 12 
cells (percentage 
over total)
Translaminar: [3]: 3.46%; [4]: 8.08%; [5]: 8.85%; 
[6]: 9.23%; [7]: 11.54%; [8]: 11.54%; [9]: 8.85%; 
[10]: 6.15%; [11]: 4.62%; [12]: 3.08%; Deep: [3]: 
8.08%; [4]: 3.08%; [5]:1.15%; [7]: 0.77%; [8]: 
0.38%; Superficial: [3]: 2.69; [4]: 3.85%; [5]: 
0.77%; [6]: 1.54%; [7]: 0.77%; [8]: 1.15%; [9]: 
0.38%
[Clones]: n = 260                                  
[Brains]: n = 25
Table 1. Summary of data and statistical analyses for Results: Chaper I  
Figure 2.1E
Fraction of one cell, 
two cells, and three 
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Figure 2.8F




[II/III]: 1.92%; [IV]: 1.54%; [II/III-IV]: 7.69%; [V]: 
1.54%; [VI]: 5.77%; [V-VI]: 6.15%; [II/III to VI]: 
22.69%; [II/III-IV-VI]: 14.62%; [II/III-V-VI]: 
10.38%; [II/III to V]: 7.31%; [II/III-V]: 5.38%; [IV-
VI]: 4.62%; [IV to VI]: 3.85%;  [II/III-VI]: 3.46%; 
[IV-V]: 3.08%
[Clones]: n = 260                                  
[Brains]: n = 25
Figure 2.8G




[y-x] //  [2-2]: 2; [2-3]: 1; [2-4]: 1; [3-3]: 3; [3-5]: 1; 
[3-6]: 1; [3-8]: 2; [4-2]: 3; [4-3]: 3; [4-4]: 3; [4-5]: 
3; [4-6]: 1; [5-2]: 4; [5-3]: 3; [5-4]: 2; [5-5]: 3; [6-
2]: 3; [6-3]: 2; [6-4]: 3; [6-5]: 4; [7-3]: 3; [7-4]: 2; 
[8-3]: 1; [8-4]: 1; [9-3]: 1; [10-2]: 1
[Clones]: n = 57                                  
[Brains]: n = 25
Figure 2.8H






[CCPN]: 23.08%; [CCPN; L5SCPN]: 7.69%; 
[CCPN; L6CThPN]: 11.54%; [CCPN; L5HPN]: 
11.54%; [CCPN; L5HPN; L6CThPN]: 15.38%; 
[CCPN; L5SCPN; L5HPN]: 7.69%; [CCPN; 
L5SCPN; L6CThPN]: 15.38%; [CCPN; L5SCPN; 
L5HPN; L6CThPN]: 7.69%
[Clones]: n = 26                                  
[Brains]: n = 25
Figure 2.9 Measurement Values N Statistical P value
Figure 2.9D
Fraction of lineages 
containing 3 to 12 
cells (percentage 
over total)
Translaminar, [4]: 5.48%; [5]: 19.18%; [6]: 
9.59%; [7]: 4.11%; [8]: 6.85%; [9]: 9.59%; [10]: 
2.74%; [11]: 2.74%; [12]: 1.37%; [14]: 1.37%;                                                     
Deep, [3]: 2.74%; [4]: 4.12%; [5]: 6.85%; [6]: 
1.37%; Superficial, [3]: 2.74; [4]: 5.48%; [5]: 
6.85%; [6]:4.11%; [7]: 2.74
[Clones]: n = 73               
[Brains]: n = 7
Figure 2.9E




[IV]: 8.22%; [II/III-IV]: 13.7%; [V]: 1.37%; [VI]: 
10.96%; [V-VI]: 2.74%; [II/III to VI]: 16.44%; [II/III-
IV-VI]: 24.66%; [II/III to V]: 10.96%; [IV-VI]: 
4.11%; [IV to VI]: 5.48%; [IV-V]: 1.37% 
[Clones]: n = 73                                  
[Brains]: n = 7
Figure 2.9I
Fraction of lineages 
containing 3 to 12 
cells (percentage 
over total)
Translaminar, [3]: 0.94%; [4]: 4.72%; [5]: 9.43%; 
[6]:12.26%; [7]: 14.15%; [8]: 17.92%; [9]: 
12.26%; [10]: 3.77%; [11]: 5.66%; [12]: 5.66%; 
[13]: 0.94%; [14]: 0.94%; [15]: 1.89%; [21]: 
0.94%; Deep, [3]: 1.89%; [4]: 3.77%; [6]: 0.94%; 
Superficial, [6]: 1.89%
[Clones]: n = 106                                  
[Brains]: n = 28
Figure 2.9J




[II/III-IV]: 1.89%; [VI]: 6.6%; [II/III to VI]: 44.34%; 
[II/III-IV-VI]: 21.70%; [II/III-V-VI]: 1.89%; [II/III to 
V]: 9.43%; [IV-VI]: 3.77%; [IV to VI]: 9.43%;  [IV-
V]: 0.94%
[Clones]: n = 106                                  
[Brains]: n = 28
Figure 2.10 Measurement Values N Statistical P value
Figure 2.10C
Fraction of cells 
expressing Tle4 
(mean % ± Std)
C+/S-: [Tle4+]: 77.43 ± 12.46%; [Tle4-]: 22.57 ± 
12.46; C-/S+: [Tle4+]: 10.19 ± 7.20%; [Tle4-]: 
89.81 ± 7.20%; C-/S-: [Tle4+]: 22.39 ± 3.38%; 
[Tle4-]: 77.61 ± 3.38%; C+/S+: [Tle4+]: 58.21 ± 
1.33%; [Tle4-]: 41.79 ± 1.33
[Cells]: n = 1123                                  
[Brains]: n = 2
Figure 2.11 Values N Statistical P value
Figure 2.11B
Number of neurons 
per lineage (mean ± 
Std)






Fraction of lineages 
containing 3 to 12 
cells (percentage 
over total)
P21: [3]: 14.23%; [4]: 15.00%; [5]: 10.77%; [6]: 
10.77%; [7]: 13.08%; [8]: 13.08%; [9]: 9.23%; 
[10]: 6.15%; [11]: 4.62%; [12]: 3.08%;                                                         
P2: [3]: 17.27%; [4]: 5.45%; [5]: 8.18%; [6]: 
13.63%; [7]: 14.55%; [8]: 8.18%; [9]: 12.72%; 
[10]: 7.27%; [11]: 6.36%; [12]: 6.36%                                          
P21, [Clones]: n = 260; [Brains]: n = 25; P2, 









lineages  (precentage 
over total)
P21, Translaminar: 75.38%; Deep: 13.46%; 
Superficial: 11.15%; P2, Translaminar: 83.63%; 
Deep: 7.27%; Superficial: 9.09%
P21, [Clones]: n = 260; [Brains]: n = 25; P2, 










P21: [II/III_&_IV to VI]: 36.78%; [II/III_&_IV-VI]: 
22.99%; [II/III_&_IV to V]: 15.71%;           P2: 
[II/III_&_IV to VI]: 47.27%; [II/III_&_IV-VI]: 
15.45%; [II/III_&_IV to V]: 20.91%
P21, [Clones]: n = 260; [Brains]: n = 25; P2, 





Figure 2.12 Measurement Values N Statistical P value
Figure 2.12A
Fraction of cells per 
layer (percentage 
over total & mean 
percentage ± Std)
Experimental data, [II/III]: 29.86%; [IV]: 30.69%; 
[V]: 14.86%; [VI]: 24.58%;                                    
Permuted, [II/III]: 29.86 ± 0%; [IV]: 30.69 ± 0%; 
[V]: 14.86 ± 0%; [VI]: 24.58 ± 0%
Experimental, [Clones]: n = 103; [Brains]: n 
= 25; Permuted, [Clones]: n = 103
Figure 2.12B
Fraction of lineages 
containing 3 to 12 
cells (percentage 
over total & mean 
percentage ± Std)
Experimental data, [3]: 10.68%; [4]: 14.56%; [5]: 
6.80%; [6]: 10.68%; [7]: 11.65%; [8]: 17.48%; [9]: 
11.65%; [10]: 3.88%; [11]: 5.83%; [12]: 6.80%; 
Permuted, [3]: 10.68 ± 0%; [4]: 14.56 ± 0%; [5]: 
6.80 ± 0%; [6]: 10.68 ± 0%; [7]: 11.65 ± 0%; [8]: 
17.48 ± 0%; [9]: 11.65 ± 0%; [10]: 3.88 ± 0%; 
[11]: 5.83 ± 0%; [12]: 6.80 ± 0%
Experimental, [Clones]: n = 103; [Brains]: n 
= 25; Permuted, [Clones]: n = 103
Figure 2.13 Measurement Values N Statistical P value
Figure 2.13A
Likelihood for each 
number of categories 
(percentage over 
total samples)
[1]: 74.95%; [2]: 23.63%; [3]: 0.014%; [Samples]: n = 4000
Figure 2.13B
Fraction of cells per 
layer (percentage 
over total & mean 
percentage ± Std)
Experimental data, [II/III]: 29.86%; [IV]: 30.69%; 
[V]: 14.86%; [VI]: 24.58%; Bayesian Model, 
[II/III]: 29.77 ± 2.25%; [IV]: 30.76 ± 2.29%; [V]: 
14.79 ± 1.80%; [VI]: 24.68 ± 2.15%
Experimental, [Clones]: n = 103; [Brains]: n 
= 25; Bayesian model, [Samples]: n = 4000
Figure 2.13C
Fraction of lineages 
containing 3 to 12 
cells (percentage 
over total & mean 
percentage ± Std)
Experimental data, [3]: 10.68%; [4]: 14.56%; [5]: 
6.80%; [6]: 10.68%; [7]: 11.65%; [8]: 17.48%; [9]: 
11.65%; [10]: 3.88%; [11]: 5.83%; [12]: 6.80%; 
Bayesial Model, [3]: 6.27 ± 2.34%; [4]: 7.91 ± 
2.74%; [5]: 9.92 ± 3.03%; [6]: 11.44 ± 3.23%; [7]: 
12.17± 3.28%; [8]: 11.83 ± 3.22%; [9]: 10.39% ± 
3.02%; [10]: 8.23 ± 2.80%; [11]: 5.99 ± 2.41%; 
[12]: 3.96 ± 2.02%
Experimental, [Clones]: n = 103; [Brains]: n 
= 25; Bayesian model, [Samples]: n = 4000
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Experimental data (mean {I.C. 95%}), 
Translaminar: 77.67 {68.93-84.47}%; Deep: 
10.68 {5.83-17.48}%; Superficial: 11.65 {6.8-
19.42}%; Bayesian model (median ± intercuartile 
distance), Translaminar: 82.52 ± 3.88%; Deep: 
10.68 ± 3.88%; Superficial: 4.85 ± 2.91
Experimental, [Clones]: n = 103; [Brains]: n 








Experimental data (mean {I.C. 95%}), [II/III to 
VI]: 22.33 {14.56-31.07}%; [II/III-IV-VI]: 20.39 
{13.59-29.61}%; [II/III-V-VI]: 4.85 {1.94-10.68}%; 
[II/III to V]: 6.80 {2.91-13.59}%; [II/III-V]: 1.94 {0-
6.09}%; [IV-VI]: 7.77 {3.88-14.56}%; [IV to VI]: 
7.77 {3.88-14.56}%;  [II/III-VI]: 0.97 {0-5.82}%; 
[IV-V]: 4.85 {1.94-19.71}%; Bayesian model 
(median ± intercuartile distance), [II/III to VI]: 
33.01 ± 6.79%; [II/III-IV-VI]: 15.53 ± 4.85%; [II/III-
V-VI]: 2.91  ± 1.94%; [II/III to V]: 6.79  ± 3.88%; 
[II/III-V]: 0 ± 0.97%; [IV-VI]: 5.83 ± 2.91%; [IV to 
VI]: 12.62 ± 3.88%;  [II/III-VI]: 0.97 ± 0.97%; [IV-
V]: 2.91 ± 1.94%
Experimental, [Clones]: n = 103; [Brains]: n 
= 25; Bayesian model, [Samples]: n = 4000
Chi-square 
test p=0.11
Figure 2.14 Measurement Values N Statistical P value
Figure 2.14B
Fraction of cells per 
layer (percentage 
over total & mean 
percentage ± Std)
Experimental data, [II/III]: 29.86%; [IV]: 30.69%; 
[V]: 14.86%; [VI]: 24.58%; Model 2, [II/III]: 29.97 
± 2.43%; [IV]: 30.82 ± 1.93%; [V]: 13.95 ± 
1.28%; [VI]: 25.26 ± 2.18%
Experimental, [Clones]: n = 103; [Brains]: n 
= 25; Model 2, [Clones]: n = 103
Figure 2.14C
Fraction of lineages 
containing 3 to 12 
cells (percentage 
over total & mean 
percentage ± Std)
Experimental data, [3]: 10.68%; [4]: 14.56%; [5]: 
6.80%; [6]: 10.68%; [7]: 11.65%; [8]: 17.48%; [9]: 
11.65%; [10]: 3.88%; [11]: 5.83%; [12]: 6.80%; 
Model 2, [3]: 13.33 ± 3.24%; [4]: 13.72 ± 3.85%; 
[5]: 9.50 ± 2.81%; [6]: 9.81 ± 3.06%; [7]: 11.11 ± 
3.05%; [8]: 11.10 ± 3.43%; [9]: 9.34% ± 3.07%; 
[10]: 8.90 ± 2.89%; [11]: 7.12 ± 2.41%; [12]: 6.07 
± 2.22%
Experimental, [Clones]: n = 103; [Brains]: n 





lineages  (precentage 
over total)
Experimental data (mean  {I.C. 95%}): 
Translaminar: 77.67 {68.93-84.47}%; Deep: 
10.68 {5.83-17.48}%; Superficial: 11.65 {6.8-
19.42}%; Model 2 (median ± intercuartile 
distance), Translaminar: 78 ± 5.5%; Deep: 11 ± 
4.5%; Superficial: 11 ± 5.0% 
Experimental, [Clones]: n = 103; [Brains]: n 
= 25; Model 2, [Clones]: n = 103
Fisher's 
exact test p = 0.99
Figure 2.14H
Fraction of cells per 
layer (percentage 
over total ± Std)
Fucci quantification, S1: [II/III]: 25.68 ± 2.13%; 
[IV]: 24.63 ± 0.63%; [V]: 16.61 ± 0.67%; [VI]: 
33.09 ± 2.38%; Vi1: [II/III]: 30.39 ± 1.10%; [IV]: 
24.31 ± 1.32%; [V]: 21.86 ± 1.22%; [VI]: 23.44 ± 
1.58%; Model 2, S1: [II/III]: 24.43 ± 2.12%; [IV]: 
24.46 ± 2.04%; [V]: 14.31 ± 1.27%; [VI]: 36.12 ± 
2.24%; Vi1; [II/III]: 30.17 ± 2.03%; [IV]: 24.30 ± 
1.74%; [V]: 22.13 ± 1.75%; [VI]: 23.40 ± 1.71%
[Brains]: n = 3
Figure 2.15 Measurement Values N Statistical P value
Figure 2.15 B
Fraction of cells per 
layer (percentage 
over total & mean 
percentage ± Std)
Experimental data, [II/III]: 29.86%; [IV]: 30.69%; 
[V]: 14.86%; [VI]: 24.58%;                                    
Model 1, [II/III]: 29.21 ± 2.31%; [IV]: 30.36 ± 
1.88%; [V]: 15.30 ± 1.29%; [VI]: 25.13 ± 2.04%
Experimental, [Clones]: n = 103; [Brains]: n 
= 25; Model 1, [Clones]: n = 103
Figure 2.15C
Fraction of lineages 
containing 3 to 12 
cells (percentage 
over total & mean 
percentage ± Std)
Experimental data, [3]: 10.68%; [4]: 14.56%; [5]: 
6.80%; [6]: 10.68%; [7]: 11.65%; [8]: 17.48%; [9]: 
11.65%; [10]: 3.88%; [11]: 5.83%; [12]: 6.80%; 
Model 1, [3]: 10.09 ± 3.03%; [4]: 9.97 ± 2.87%; 
[5]: 10.23 ± 3.07%; [6]: 11.08 ± 3.16%; [7]: 11.35 
± 3.35%; [8]: 12.18 ± 3.08%; [9]: 10.84 ± 3.33%; 
[10]: 9.86 ± 2.66%; [11]: 8.10 ± 2.70%; [12]: 6.30 
± 2.30%
Experimental, [Clones]: n = 103; [Brains]: n 





lineages  (precentage 
over total)
Experimental data (mean  {I.C. 95%}): 
Translaminar: 77.67 {68.93-84.47}%; Deep: 
10.68 {5.83-17.48}%; Superficial: 11.65 {6.8-
19.42}%; Model 1 (median ± intercuartile 
distance), Translaminar: 85 ± 5.0%; Deep: 11 ± 
5.0%; Superficial: 4 ± 2.5% 
Experimental, [Clones]: n = 103; [Brains]: n 
= 25; Model 1, [Clones]: n = 103
Fisher's 
exact test p = 0.13
Figure 2.15F




Experimental data (mean {I.C. 95%}), [II/III to 
VI]: 22.33 {14.56-31.07}%; [II/III-IV-VI]: 20.39 
{13.59-29.61}%; [II/III-V-VI]: 4.85 {1.94-10.68}%; 
[II/III to V]: 6.80 {2.91-13.59}%; [II/III-V]: 1.94 {0-
6.09}%; [IV-VI]: 7.77 {3.88-14.56}%; [IV to VI]: 
7.77 {3.88-14.56}%;  [II/III-VI]: 0.97 {0-5.82}%; 
[IV-V]: 4.85 {1.94-19.71}%; Model 1 (median ± 
intercuartile distance), [II/III to VI]: 34 ± 6.0%; 
[II/III-IV-VI]: 17.5 ± 5.5%; [II/III-V-VI]: 4 ± 2.0%; 
[II/III to V]: 8.5 ± 3.0%; [II/III-V]: 1 ± 1.0%; [IV-VI]: 
4 ± 3.5%; [IV to VI]: 11 ± 4.5%;  [II/III-VI]: 1.5 ± 
1.0%; [IV-V]: 2 ± 2%
Experimental, [Clones]: n = 103; [Brains]: n 
= 25; Model 1, [Clones]: n = 103
Chi-square 
test p = 0.16
Chi-square 
test p = 0.24Figure 2.14F




Experimental data (mean {I.C. 95%}), [II/III to 
VI]: 22.33 {14.56-31.07}%; [II/III-IV-VI]: 20.39 
{13.59-29.61}%; [II/III-V-VI]: 4.85 {1.94-10.68}%; 
[II/III to V]: 6.80 {2.91-13.59}%; [II/III-V]: 1.94 {0-
6.09}%; [IV-VI]: 7.77 {3.88-14.56}%; [IV to VI]: 
7.77 {3.88-14.56}%;  [II/III-VI]: 0.97 {0-5.82}%; 
[IV-V]: 4.85 {1.94-19.71}%; Model 2 (median ± 
intercuartile distance), [II/III to VI]: 30 ± 6.0%; 
[II/III-IV-VI]: 17 ± 5.5%; [II/III-V-VI]: 3 ± 3.0%; 
[II/III to V]: 7 ± 4.0%; [II/III-V]: 1 ± 1.0%; [IV-VI]: 4 
± 3.0%; [IV to VI]: 11 ± 4.5%;  [II/III-VI]: 2 ± 2.0%; 
[IV-V]: 2 ± 2%
Experimental, [Clones]: n = 103; [Brains]: n 
= 25; Model 2, [Clones]: n = 103
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Figure 3.1 Measurement Values N Statistical P value
Figure 3.1C
Percentage over total 
of  progenitor cells of 
each morphology, 
and neurons (mean ± 
std )
aRG: 30.96 ± 9.56; SNP: 40.37 ± 10.7; bRG: 
5.96 ± 5.42; MP: 14.72 ± 0.94; N: 3.39 ± 3.17; 
IN: 4.71 ± 7.53
[Cells]: n = 171                                          
[Brains] n = 4   
Figure 3.1D
Percentage over total 
of  progenitor cells of 
each morphology, 
and neurons (mean ± 
std )
aRG: 0.72 ± 0.91; SNP: 0.72 ± 0.91; bRG: 1.09 
± 1.09; MP: 11.61 ± 4.37; N: 83.98 ± 4.07; IN: 
1.89 ± 1.89
[Cells]: n = 264                                          
[Brains] n = 4   
Figure 3.1E
Percentage over total 
mitosis in each region 
(mean  ± std) 
VS: 48.99 ± 9.38%; VZ: 18.11 ± 3.24 ; SVZ: 
32.89 ± 10.59; [Brains] n = 4   
Figure 3.2 Measurement Values N Statistical P value
Figure 3.2B
#neurons per lineage 
(Top: mean ± std; 
Bottom: m edian ± IC 
distance)
Clone size [lineages]: 6.28 ± 3.3                                             
Clone size [hemi-lineages]: 3.17 ± 2.82                                      
Clone size [lineages]: 6.00 ± 4.00                        
Clone size [hemi-lineages]: 2.00 ± 2.00                   
[Lineages]: n = 25                                             
[Hemi-lineages]: n = 82                                
[Brains]: n = 10
Figure 3.2D




Containing APs: 52%                                              
Not containing Aps: 48% 
[Lineages]: n = 25                                  
[Brains]: n = 10
Figure 3.2E
Fraction of  lineages 
smaller and larger 
than 2 cells 
(percentage over 
total)
2-cell lineages: 75%                                                                      
>2-cell lineages: 25% 
[Lineages]: n = 13                                  
[Brains]: n = 10
Figure 3.2F
#neurons per lineage 
(Top: mean ± std; 
Bottom: m edian ± IC 
distance)
Clone size: 4.23 ± 1.54                                             
Clone size: 4.00 ± 2.00
[Lineages]: n = 25                                  
[Brains]: n = 10
Figure 3.2G
Fraction of 1 cell, 2 




1-cell hemi-lineages: 50%                                    
2-cell hemi-lineages: 25%                                                                      
>2-cell hemi-lineages: 25% 
[Lineages]: n = 12                                  
[Brains]: n = 10
Figure 3.3 Measurement Values N Statistical P value
Figure 3.3C
Percentage over total 
of cells in the SVZ 
(mean ± std)
Cortex: [3h]: 0.25 ± 0.43; [6h]: 0.12 ± 0.2; [14h]: 
33.75 ± 4.13; [24h]: 30.15 ± 4.66                                             
MGE: [3h]: 0.00 ± 0.00; [6h]: 2.02 ± 1.48; [14h]: 
42.45 ± 4.23; [24h]: 49.26 ± 3.38  
[Brains]: 3h: n = 3; 6h: n = 3; 14h: n = 4; 24h: 









progenitor cells over 
total  cells in the SVZ 
(mean ± std)
Cortex: [14h]: 40.89 ± 3.99; [24h]: 35.26 ± 3.51                                          
MGE:  [14h]: 72.58 ± 10.18; [24h]: 51.68 ± 8.77  
[Brains]: 3h: n = 3; 6h: n = 3; 14h: n = 4; 24h: 




0.0023   
[24h]: 
0.0327





[P-FAS]: 0.0042 ± 0.0042; [N-FAS]: 0 ± 0; [2272-
FAS]: 0.0027 ± 0.0039; [FAS-FAS]: 0.7643 ± 
0.0829; [C+]: 0.8409 ± 0.0309; [C-]: 0.0112 ± 
0.0105                 



















[P-P]: 0.6779 ± 0.0172; [2272-2272]: 0.6973 ± 
0.023; [N-N]: 0.6792 ± 0.1485; [FAS-FAS]: 
0.6843 ± 0.0683;              
[Cultures]: n = 3                                  
Figure  3.7 Measurement Values N Statistical P value
Figure 3.7C
Percentage of cells 
with one or multiple 
reporters over total 
labeled cells (mean ± 
std)
One reporter: 44.64 ± 2.89                                
Multiple reporters: 55.35 ± 2.89 [Cultures]: n = 3                                  
Figure 3.7D
Percentage of cells 
with two, three or all 
reporters over total  
labeled cells (mean ± 
std)
Two reporters: 10.09 ± 0.59                                
Three reporters: 11.62 ± 2.03                             
All reporters: 33.64 ± 3.71
[Cultures]: n = 3                                  
Figure 3.7E
Percentage of sinlge 
reporter cells 
expressing each 
reporter (mean ± std)
TagBFP: 32.36 ± 3.46                                   
EGFP: 17.50 ± 1.99                                            
tdTomato: 27.58 ± 1.19                                         
LacZ: 22.56 ± 2.69
[Cultures]: n = 3                                  
Figure 3.7H
Percentage of cells 
with one or multiple 
reporters over total 
labeled cells (mean ± 
std)
One reporter: 61.76 ± 7.69                                
Multiple reporters: 38.24 ± 7.69 [Brains]: n = 3                                  
Figure 3.7I
Percentage of cells 
with two, three or all 
reporters over total  
labeled cells (mean ± 
std)
Two reporters: 20.58 ± 4.34                                
Three reporters: 10.88 ± 3.27                             
All reporters: 6.77 ± 2.12
[Brains]: n = 3                                  
Figure 3.7J
Percentage of sinlge 
reporter cells 
expressing each 
reporter (mean ± std)
TagBFP: 40.47 ± 8.93                                   
EGFP: 19.54 ± 2.53                                            
tdTomato: 19.4 ± 5.82                                         
LacZ: 20.59 ± 1.19
[Brains]: n = 3                                  
Figure 3.7K





TagBFP: 25.47%                                         
EGFP: 30.19%                                           
tdTomato: 22.64%                                         
LacZ: 21.69%
[Colonies]: n = 106                                  
Table 2. Summary of data and statistical analyses for Results: Chaper II  
